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Abstract 
The large volume of data generated in high-throughput studies of the 6200 genes of 
Saccharomyces cerevisiae provides a valuable resource. An in-silico screen, mining 
existing data-sets including interaction, expression, localisation and phenotype data 
was developed with the aim of selecting partially uncharacterised genes involved in 
meiotic DNA processing. Based on the in-silico selection procedure, 81 deletion 
mutants were constructed and tested for phenotypic abnormalities. During vegetative 
growth 12 of these mutants showed hypersensitivity to hydroxyurea, five to methyl 
methanesulfonate and four to ionizing radiation. During meiosis three mutants were 
identified with reduced gene conversion, and one with increased levels of 
chromosomal nondisjunction, while six mutants showed very low levels of nuclear 
divisions. Of those six, five showed a significant delay in the initiation and 
progression of pre-meiotic DNA replication, while one could not initiate meiosis. One 
of the five mutants with delayed initiation and progression of pre-meiotic DNA 
replication, also displayed inefficient synapsis between homologues. Finally, a mutant 
was identified that produced asci containing more than four inviable spores. The in-
silico selection procedure used in this study, represents an example of how existing 
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Chapter One: Introduction 
CHAPTER ONE 
Introduction 
1.1 The Mitotic and Meiotic Cell Division 
Mitosis is required for somatic progression of eukaryotic organisms, whereas 
meiosis is a specialised cell division that allows the formation of gametes required 
for sexual reproduction. As this project was based on the model organism 
Saccharomyces cerevisiae (budding yeast), the introduction will focus mainly on the 
biology and genetics of this organism with reference to other organisms when 
appropriate. Furthermore, Table 1.1 present at the end of this introduction 
summarises the function of all proteins and protein complexes discussed within this 
thesis. The purpose of this table is to provide a reference for the reader, and also 
includes their corresponding homologues in humans. 
S. cerevisiae is a unicellular organism whose genome comprises of 16 
chromosomes and can grow as either a haploid or diploid. There are two haploid 
mating types of S. cerevisiae, MATa and MATa. The MATa and MATa cells can 
mate to create a MATa/MATcL diploid. Diploid cells can undergo mitosis and 
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meiosis, the latter resulting in the fonnation of four haploid gametes known as 
spores. The four spores of a single meiosis are enclosed within a common membrane 
known as an ascus sac. 
S. cerevisiae is an extremely useful research organism due to its homology to 
higher eukaryotes, the availab'ility of many well established genetic and molecular 
techniques, and the ability to recover and assess the four haploid spores resulting 
from meiosis of a single diploid cell. Furthermore, S. cerevisiae is cheap to grow, 
manipulate and store. 
1.1.1 Generaloverview of the vegetative cell cycle 
Most eukaryotic cells proceed through a series of phases known as the vegetative 
cell cycle (Figure 1.1). This cell cycle comprises two stages known as the interphase 
and the mitotic phase. Interphase has three main stages, Gi -phase, S-phase and G2-
phase. During Gi-phase various environmental and cellular stimuli trigger the 
mitotic cell cycle (see Section 1.2.1 for further details), and cells then grow and 
prepare for DNA replication. During S-phase, chromosomes are duplicated to form 
sister chromatids that are linked together by a protein complex known as cohesin. 
During G2-phase, the cells grow and prepare for mitosis, which includes the 
duplication of the spindle pole body (SPB, centrosomes in higher eukaryotes). Cells 
then divide during the mitotic phase (M-phase). 
The M-phase is composed of six defined stages namely, prophase, prometaphase, 
metaphase, anaphase, telophase and cytokinesis (Figure 1.2). During prophase, sister 
chromatids condense, and the SPB/centrosomes migrate to opposite poles of the cell. 
At prometaphase, the nuclear membrane disassembles, and chromatid centromeres 
2 
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are bound by a large protein complex known as the kinetochore. Microtubules 
developing from the SPBs/centrosomes begin to attach to the kinetochores of each 
chromatid pair. At metaphase, the kinetochores of each chromatid pair have attached 
to microtubules that are emanating from opposite SPBs/centrosomes, and chromatids 
align between the SPB/centrosomes (bi-orientation). During anaphase, sister 
chromatid cohesion is abolished and they begin to move toward opposite poles. 
During telophase, the sister chromatids reach the opposing poles, a nuclear 
membrane forms around both sets of separated chromatids that begin to decondense, 
and the cell begins to divide. Finally, during cytokinesis, chromatin decondensation 
and cell division is completed, resulting in the formation of two daughter cells. 
The stages of mitosis in S. cerevisiae are slightly different to the events 
mentioned above (Figure 1.3). Firstly the nuclear membrane does not disassemble 
during mitosis in S. cerevisiae, rather the nucleus elongates during mitosis, and the 
SPBs remain associated to the nuclear membrane. Additionally, chromatin 
condensation occurs to a much lesser extent. As a result of these differences, 
individual chromosomes are not visible via microscopy/cytology, and stages in 
mitosis are hard to decipher. Therefore stages are less specifically classified as early, 
mid and late mitosis (Figure 1.3). Another difference is that unlike the description 
above, cell partitioning begins very early in S. cerevisiae mitosis. Cell partitioning is 
known as budding in S. cerevisiae. 
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Mitotic Cell Cvde 
Homoloaues 	Sister chromatids 	Sister chromatids 
Interphase 	 Diploid 
Cl 	S 	G2 	M 	 Gi 
Figure 1.1: The mitotic cell cycle. 
During interphase of the mitotic cell cycle, cells grow during Gi-phase. Then chromosomes 
are replicated during S-phase, resulting in the formation of sister chromatids that are held 
together by protein complexes known as cohesin (chromatid cohesion). During the G2-
phase, cells continue to grow and prepare for mitosis. During mitosis (M-phase), cohesion 
between each pair of sister chromatids is lost and they segregate to opposite poles, resulting 
in the formation of two daughter cells with the same ploidy as the parent cell, which in this 
case was diploid. Once two new daughter cells have formed and environmental conditions 
are favourable for growth, the mitotic cell cycle can commence again. 
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A 	- / Nuclear membrane 	 SPB/centrosome 
G2-phase 	Prophase 	Prometaphase 	Metaphase 
Anaphase 	Telophase 	 Cytokinesis 
Figure 1.2: General model for mitotic cellular division. 
Prior to the G2-phase chromosomes have been replicated to form sister chromatids that are 
linked together by a protein complex known as cohesin. G2-phase: the spindle pole body 
(SPB)/centrosome has been duplicated and cells are ready to divide. Prophase: Sister 
chromatids begin to condense and SPBs/centrosomes migrate to opposite poles. 
Prometaphase: The nuclear membrane is disassembled, level of chromatid condensation 
increases and protein complexes known as kinetochores bind to the centromeric regions of 
all chromatids. Connections begin to establish between the kinetochores and microtubules 
emanating from each SPBs/centrosomes. Metaphase: Kinetochores of each sister chromatid 
pair have attached to microtubules emanating from opposite SPBs/centrosomes and they 
align centrally within the cell. Anaphase: Sister chromatid cohesion is degraded and sister 
chromatids are pulled to opposite poles. Telophase: Chromatids reach opposite poles, begin 
to decondense and the nuclear membrane is re-established. The cell also begins to divide. 
Cytokinesis: The cell continues to divide and eventually two daughter cells result. 
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Figure 1.3: Mitotic cellular division in Saccharomyces cerevisiae. 
G2-phase: SPB is duplicated. Early M-phase: SPBs migrate to opposite poles ends of the 
nucleus that has begun to elongate. The microtubules increase in length in conjunction with 
elongation of the nucleus. Additionally, cell budding begins. Mid M-phase: Elongation of the 
nucleus continues, as does the increase in microtubule length and bud size. The nucleus 
begins to enter the bud. Late M-phase: Elongation of the nucleus eventually halts and it 
takes on a dumbbell shape that appears to be evenly distributed between the mother cell 
and the bud. Telophase/Cytokinesis: The nucleus then splits into two, segregating with one 
SPB to either the mother or budding cell. Budding is then completed. 
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1.1.2 General overview of the meiotic cell cycle 
Meiosis results in the formation of four haploid spores/gametes from a single 
diploid cell (Figure 1.4). There are three main stages to the meiotic cell cycle 
namely, pre-meiotic interphase, meiosis I and meiosis II. Meiosis I is very different 
to mitosis, as homologous chromosomes segregate to opposite poles and sister 
chromatids remain associated with one another. Whereas similar to mitosis, during 
meiosis II, sister chromatids segregate to opposite poles, resulting in the formation of 
four haploid cells. 
For homologous chromosomes to separate and for sister chromatids to remain 
associated during meiosis I, three unique factors are required. Firstly, homologous 
chromosomes must pair and become physically linked. Secondly, sister chromatids 
must attach to microtubules that emanate from the same spindle pole (mono-
orientation) so they segregate together. And finally, cohesion between sister 
chromatids must be maintained beyond meiosis I to ensure correct chromosome 
segregation during meiosis II. These unique factors are ensured by events that occur 
during meiotic interphase. 
Like interphase during mitosis, meiotic interphase consists of a Gi-phase, an 5-
phase and a G2-phase. However, there are a number of differences. Firstly, during 
Gi-phase, the environmental and cellular stimuli that trigger the meiotic cell cycle 
are different to those that stimulate the mitotic cell cycle (see Section 1.2. for further 
details). Additionally, during meiotic S-phase the developing sister chromatids are 
linked together with a meiosis specific cohesin complex. This cohesin complex is 
required to ensure that sister chromatids remain associated beyond meiosis I (see 
Section 1.5.2 for further details). 
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The meiotic G2-phase, which is also known in cytology as prophase I, differs 
considerably compared to the G2-phase during mitosis. There are four main stages in 
prophase I, namely leptotene, zygotene, pachytene and diplotene/diakinesis (Figure 
1.5). During leptotene, homologous chromosomes pair, and chromatin begins to 
condense. Proteins including the meiosis specific cohesin complex, form a structure 
called an axial element between sister chromatids (Revenkova et al., 2001). In most 
organisms, chromosomes are also subjected to the action of the meiosis specific 
topoisomerase-like enzyme Spoil that introduces double-strand breaks (DSBs) 
during leptotene (Keeney, 2001). During zygotene, the pairing of homologous 
chromosomes is stabilised by the initiation of DSB repair via inter-homologue (TB) 
recombination (see Section 1.4 for further details), (Schwacha and Kieckner, 1994) 
and the formation of proteinaceous bridges, which in most organisms is the 
synaptonemal complex (SC) (Roeder, 1997). The stabilised homologous 
chromosome structure is known as a bivalent. IH recombination can result in the 
formation of non-crossover (NCO) or crossover (CO) events that are repaired by 
different homologous repair pathways (Whitby, 2005). All NCO and a fraction of 
CO events are repaired during zygotene, these events correspond in cytology to early 
recombination nodules (Richardson et al., 2004). Late recombination nodules that 
persist through zygotene are thought to be sites where SC formation initiates 
(Henderson and Keeney, 2004; Richardson et al., 2004), although exceptions of this 
do exist. In Drosophila melanogaster (McKim et al., 1998; Vazquez et al., 2002) and 
Caenorhabditis elegans (Dernburg et al., 1998), homologues align and synapse 
independently of DSBs. By pachytene, the SC has formed along the entire length of 
homologous chromosomes (complete synapsis) and DSB repair of late recombination 
Chanter One: Introduction 
nodules has resulted in the formation of CO events (Hunter, 2003). Further 
chromosome condensation occurs during diplotene/diakinesis, the SC is degraded, 
and homologous chromosomes remain associated via chiasmata that have formed as 
a result of CO events from late recombination nodules (Petronczki et al., 2003). 
Additionally, sister chromatid kinetochores are modified during prophase I to ensure 
that they are mono-orientated during meiosis I (see Section 1.5.2 for further details). 
At metaphase I, kinetochores of homologous chromosomes attach to 
microtubules emanating from opposite SPBs (bi-orientation) and the sister 
chromatids are mono-oriented. Chiasmata 'provide opposing tension to the pulling 
forces from the spindle poles to ensure correct homologous chromosome segregation 
during the metaphase to anaphase I transition (Figure 1.4 and Figure 1.5). As stated 
above, during meiosis II, sister chromatids then segregate from each other in the 
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Figure 1.4: The meiotic cell cycle. 
During meiotic interphase DNA is replicated (S-phase) and homologous chromosomes pair 
and become physically linked by inter-homologous recombination that causes the formation 
of chiasmata (G2-phase). During meiosis I (Ml), homologous chromosomes segregate to 
opposite poles, while sister chromatids segregate together and remain associated by 
centromeric cohesion. During meiosis II (MIl) sister chromatids segregate to opposite poles 
resulting in the formation of four haploid gametes. 
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Figure 1.5: G2-phase I Prophase I of meiosis. 
Leptotene: Following DNA replication during pre-meiotic S-phase, chromatin begins to 
condense and proteins associate with the chromosomes creating axial element structures. 
Homologous chromosomes (green and red) pair and are subjected to the action of a meiosis 
specific endonuclease (Spoil) that forms DNA double strand breaks (DSBs) within the 
paired homologues. Zygotene: Inter-homologous (lH) recombination repairs most of the 
DSBs occurs at this stage. Additionally, formation of the synaptonemal complex (SC) 
initiates. Pachytene: Repair of the remaining DSBs occurs via an lH recombination pathway 
that results in crossover recombination. Additionally, SC formation is complete. 
Diplotene/Diakinesis: The SC is disassembled and homologous chromosomes are held 
together by chiasmata that have formed due to crossover recombination. Metaphase I: 
Following G2-phase/prophase I, the nuclear membrane disassembles and kinetochores are 
assembled at the centromeres. Kinetochores of the homologues become attached to 
microtubules emanating from opposing SPBs (bi-orientation), so that at anaphase I the 
homologous chromosomes can be separated. 
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1.2 Control of Mitotic and Meiotic GI to S-phase Transition 
1.2.1 Control of mitotic GI to S-phase transition 
For budding yeast the decision to enter the mitotic cell cycle or 'Start' is made 
during Gi, and is dependent upon whether there are sufficient levels of nutrients 
available. The protein pathway that controls mitotic cell cycle entry is summarised in 
Figure 1.6 A. At 'Start' the Gi cyclins (Cmi, 2 and 3) associate with and activate the 
cyclin-dependent kinase (CDK), Cdc28 (Tyers et al., 1993). Then C1n3-CDK 
activates two transcription factors MBF (Swi6-Mbpl) and SBF (Swi4-Swi6), which 
stimulate the expression of other genes required for Gi to S-phase transition (Bahier, 
2005). The C1n112-CDKs then stimulate the onset of S-phase by phosphorylating 
Sici, which triggers its degradation. Prior to this, Sici is inhibiting the kinase 
activity of B-type cyclin-CDKs that are required for the stimulation of DNA 
replication (C1b5-CDK and C1b6-CDK) (Koepp et al., 1999; Meyn and Holloway, 
2000). Additionally the Clnl/2-CDKs are required prevent the degradation of 
C1b5/6-CDKs by inhibiting a ubiquitin ligase known as the anaphase promoting 
complex/cylcosome (APC/C) (Irniger and Nasmyth, 1997). Normally, the APC/C 
ubiquitinates the C1b5/6-CDKs, the presence of this ubiquitin peptide signal 
stimulates their degradation (Harper et al., 2002). It should be noted that the Cln-
CDKs also promote SPB duplication during Gi, and further SPB duplication is 
inhibited by the Clb-CDKs (Jaspersen et al., 2004). 
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1.2.2 Control of meiotic GI to S-phase transition 
In the case of meiotic Gi to S-phase transition, the environmental stimulant for 
budding yeast is carbon and nitrogen starvation, which is coupled with signalling 
from the mating type loci (MATa/MATa) (Simchen and Kassir, 1989), as only 
diploid cells can undergo meiosis (Lee and Amon, 2001). During starvation 
conditions, down regulation of Cln-CDKs transcription, together with the signal from 
the mating type loci, triggers the expression of the primary meiosis specific 
transcription factor IME] (inducer of meiosis I) (Kassir et al., 1988). One particular 
target of Imel is IME2, a gene which encodes a meiosis-specific CDK. Similar to 
Cmi and C1n2-CDKs, Ime2 is required for the degradation of Sici via 
phosphorylation, and inhibition of the APC/C. These two events allow the C1b516-
CDKs to be activated and stabilised during Gi respectively, and this stimulates the 
onset of the meiotic S-phase (Dirick et al., 1998). The protein pathway that controls 
meiotic cell cycle entry is summarised in Figure 1.6 B. 
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Figure 1.6: Control of mitotic and meiotic cell cycle entry. 
When high nutrient levels are present, the mitotic cell cycle is stimulated by Clnl/213-
CDKs. C1n3-CDK activates the Gi to S-phase transcription factors MBF and SBF. Cln1/2-
CDKs stimulate the degradation of Sici via phosphorylation, and inhibit the APC/C 
ubiquitination function, allowing the Clb5/6-CDKs to stimulate pre-mitotic DNA replication. 
When a diploid cell is exposed to starvation conditions, the Clnl/2/3-CDKs are inhibited, 
and the Imel transcription factor is expressed. Imel induces the transcription of early 
meiotic genes including lme2, which is the meiotic CDK responsible for the degradation of 
Sici and inhibition of APCIC. Therefore the action of lme2 allows the Clb5/6-CDKs to 
stimulate pre-meiotic DNA replication. 
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1.3 DNA replication 
1.3.1 DNA replication during mitosis and meiosis 
DNA replication is initiated when the C1b5/6-CDKs have stimulated the onset of 
S-phase (Figure 1.6). DNA replication during mitosis and meiosis has four major 
stages namely, pre-replication complex (Pre-RC) assembly, pre-initiation complex 
(Pre-IC) formation, replication initiation complex (RIC) formation, and DNA 
replication initiation/elongation. These four stages are summarised in Figure 1.7. 
Pre-RC assembly and initiation of DNA replication occur at set origin sequences 
known as autonomously replicating sequences (ARS) (Bell, 1995). An origin 
recognition complex (ORC) is a six subunit complex (Orcl-6) that recognises the 
ARS sites and is bound to the DNA at this region (Stiliman, 2005). C1b5-CDK 
stimulates the phosphorylation of Cdc6 (Loog and Morgan, 2005), Cdc6 is a 
component of the Pre-RC. Phosporylated Cdc6 is resistant to ubiquitination by the 
APC/C and therefore is not targeted for degradation. Phosphorylated Cdc6 can then 
bind to the ORC (Mailand and Diffley, 2005). Cdc6 is required for the recruitment of 
the two other Pre-RC components namely, Cdtl and the MCM2-7 complex. The 
MCM2-7 complex is a ring-shaped hexameric helicase (Mcm2-7) (Stiliman, 2005), 
which interacts with Cdc6 when it is bound to the ORC (Seki and Diffley, 2000). 
Cdtl and Mcm2-7 are associated with one another (Tanaka and Diffley, 2002), and 
Cdtl is also required for the recruitment of Mcm2-7 to the ARS (Tanaka and Diffley, 
2002). The Orcl-6-Cdc6-Cdtl-Mcm2-7 complex associated to the ARS is known as 
the pre-replication complex (pre-RC, Figure 1 .7A). 
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Cdc6 has an ATPase domain, and ATP hydrolysis by Cdc6 is required for 
dissociation of itself and Cdtl from the Pre-RC (Randell et al., 2006). Additionally, 
ATP hydrolysis by Cdc6 is required to stabilise the interaction between Mcm2-7 and 
the DNA at the ARS (Randell et al., 2006). It is postulated that ATP hydrolysis 
stimulates the opening and closing of the ring-shaped Mcm2-7 to encircle the DNA, 
this process is known as clamp loading (Machida et al., 2005). Another possibility is 
that the dissociation of Cdtl from Mcm2-7 by Cdc6 triggers the stable interaction of 
Mcm2-7 with the DNA. Orci also possesses an ATPase domain, and ATP hydrolysis 
by the ORC stimulates recruitment and loading of additional Mcm2-7 complexes to 
the origin of replication (Bowers et al., 2004; Randell et al., 2006). 
Following dissociation of Cdc6 and Cdtl, another protein McmlO, binds to DNA 
at the ARS, and associates with the ORC and MCM2-7 complexes (Kawasaki et al., 
2000; Merchant et al., 1997). This is followed by the phosphorylation of Mcm2-7 by 
a kinase complex, known as Dbf4-dependent kinase (DDK, Cdc7-Dbf4). 
Phosphorylation of Mcm2-7 together with the presence of Mcml 0 is required for the 
association of a key protein required for initiation and elongation of DNA 
replication, namely Cdc45 (Sawyer et al., 2004; Zou and Stillman, 2000). S1d3, a 
protein that interacts with Cdc45 is required for the recruitment of Cdc45 to the 
phosphorylated Mcm2-7 (Kanemaki and Labib, 2006). Once Cdc45 is present at the 
ARS, its interaction with Mcm2-7 needs to be stabilised, this is instigated by a 
complex known as GiNS (Psfl-3, SldS) (Gambus et al., 2006). When the Cdc45-
Mcm2-7 interaction is stabilised by GINS, S1d3 is released (Kanemaki and Labib, 
2006). The Orcl-6-Mcm2-7-Cdc45-G1NS complex is known as the pre-initiation 
complex (Pre-IC, Figure 1 .7B). 
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Following formation of the Pre-IC, the Mcm2-7 DNA helicase is activated, and 
unwinds the DNA at the ARS (Labib and Diffley, 2001). There is still debate about 
whether Mcm2-7 clamps double or single stranded DNA, and therefore how Mcm2-7 
unwinds the DNA. However, recent studies have led to the suggestion that Mcm2-7 
encircles double stranded DNA, and splits the duplex by a yet to be distinguished 
mechanism (Takahashi et al., 2005). The single stranded DNA produced by the 
Mcm2-7 helicase, is stabilised by a heterotrimer complex called replication protein A 
(RP-A) (Maniar et al., 1997). In parallel to RP-A binding to the single stranded 
DNA, DNA polymerases are recruited to the ARS sites. 
There are three DNA polymerases involved in basic genome duplication, namely 
DNA polymerase alpha (a), delta () and epsilon (c)  (Johnson and O'Donnell, 2005). 
Firstly, a protein known as Dbpl 1 when in a complex with a phosphorylated protein 
called S1d2 (Tak et al., 2006), binds to and recruits DNA polymerase c (Pofe) to the 
ARS. DNA polymerase a (P01 a) is then recruited by the protein also required for the 
recruitment of Cdc45 (see above), namely McmlO (Ricke and Bielinsky, 2004). The 
presence of Pol e and Pol a allow DNA replication to initiate, this structure is known 
as the replication initiation complex (Rep-IC, Figure 1.7 Q. 
Mcm2-7 continues to unwind the DNA, and DNA polymerases use the exposed 
single stranded DNA as templates for replication, creating what is commonly known 
as a replication fork (Figure 1.7 D). DNA polymerase activity runs in a 5' to 3' 
direction, therefore there are different mechanisms of replication for the leading (3' 
to 5') and lagging strands (5' to 3'). Leading and lagging strand synthesis is initiated 
by Pol a which syntheses a stretch of RNA (-j 10 nucleotides), followed by a short 
stretch of DNA (-- 20 nucleotides) (Aroya and Kupiec, 2005). For synthesis of the 
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lagging strand, replication factor C (RF-C, 'clamp loader', composed of Rfcl-5) 
removes Pol a, and assembles a homotrimeric complex known as the proliferating 
cell nuclear antigen (PCNA, 'sliding clamp'), together with DNA polymerase 8 to 
the DNA (P01 ), that continues DNA replication (Garg and Burgers, 2005). The 
PCNA encircles DNA, forming a sliding clamp that tethers Pol 8 and DNA, allowing 
DNA replication (Aroya and Kupiec, 2005). Due to the 5' to 3' orientation of the 
lagging strand, the DNA replication progresses away from the replication fork. 
Therefore, loading and unloading of Pol a and Pol 8 occurs frequently (every -1 80 
nucleotides (Aroya and Kupiec, 2005). This results in the formation of Okazaki 
fragments containing RNA from the primase activity of Pol a and DNA from both 
Pol a and Pol ö. Maturation of the Okazaki fragments occurs by a process 
summarised in Figure 1.7 B. The 30 nucleotides that are replicated by Pol a are 
commonly erroneous, and these nucleotides are displaced by DNA amplified by Pol 
in the preceeding Okazaki fragment (Aroya and Kupiec, 2005). As a result a single 
strand flap is formed, which is bound by RP-A. The presence of RP-A triggers the 
dissociation of Pol 8 from PCNA. The PCNA then associates with a nuclease (Dna2), 
a flap endonuclease (Rad27/Fenl) and a DNA ligase (Cdc9). The RNA segments are 
removed by the nuclease, the DNA segments are removed by the flap endonuclease 
(Ayyagari et al., 2003), and the resultant gaps between the Okazaki fragments are 
joined by the DNA ligase (Jin et al., 2001). In the case of leading strand DNA 
synthesis Pol c rather than Pol 8 replaces Pol a (Garg and Burgers, 2005). As the 
orientation of the leading strand is 3' to 5', loading and unloading of Pol a and Pol e 
is infrequent. It is not yet clear whether loading of Pol c requires PCNA, as it has 
been shown to have high polymerase activity in the absence of PCNA (Garg and 
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Burgers, 2005). Additionally, it is not known whether the Dpbl 1-S1d2 complex 
remains associated with Pol c during DNA replication, or is released following 
loading of Pol c. However, the presence of Dpb 11 -S1d2 is required for loading of Pol 
a. As Pol a loading is a frequent event during DNA replication, presumably Dpb 11-
S1d2 remains at least intermittently associated with Pol c. 
During DNA replication the newly synthesised sister chromatids need to be 
physically bound to allow their correct segregation during the transition from 
metaphase to anaphase. The sister chromatids are physically bound by a four subunit 
ring-shaped complex known as cohesin (composed of Smcl, Smc3, Scc3 and Sccl) 
(Hagstrom and Meyer, 2003). There are a number of proteins and complexes that 
have recently been found to be essential for establishment of cohesion during DNA 
replication, however their roles have yet to be elucidated (Bylund and Burgers, 2005; 
Petronczki et al., 2004; Skibbens, 2004). However, during DNA replication, an 
alternative RF-C complex (R-F-cCobesion,  composed of Ctfl 8, Rfc2-5, Dccl and CtfB) 
is required for unloading of the PCNA sliding clamp and presumably Pol 8 at sites 
associated with cohesin (Figure 1.7 D) (Bylund and Burgers, 2005). It has been 
proposed that this allows the DNA replication machinery to pass through the cohesin 
ring (Bylund and Burgers, 2005), although other models have been suggested 
(Skibbens, 2004). Perhaps when PCNA-Pol 8 is dissociated, Pol c, which can 
efficiently replicateS in the absence of PCNA, is required for replication through 
cohesin associated sites. 
An extremely complex series of events have to occur during DNA replication, 
and progress has been made in understanding these events. However, there is more to 
be learnt about DNA replication, particularly its link with sister chromatid cohesion. 
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Figure 1.7: DNA replication initiation, elongation and maturation. 
Pie-replication complex (Pre-RC): Comprises of the Cdc6 and Cdtl proteins linking the 
ORC and MCM2-7 complexes (See text for further details). 
Pie-initiation complex (Pie-IC): Stepi - ATP hydrolysis by Cdc6 stimulates stable 
association of MCM2-7, then Cdc6 and Cdtl dissociate. Step 2 - association of McmlO with 
MCM2-7. Step 3 - phosphorylation of MCM2-7 by DDK. Step 4 - association of Cdc45 then 
GINS to MCM2-7 and ORC. 
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Figure 1.7: DNA replication initiation, elongation and maturation 
(Continued). 
Replication initiation complex (Rep-IC): Step 1 - MCM2-7 unwinds the DNA. Step 2 - 
single strand DNA binding by RP-A and recruitment of Pol e. Step 3 —recruitment of Pol a. 
Elongation: DNA replication is initiated on both strands with Pol a. On the leading strand 
P01 a is replaced by Pol e. On the lagging strand DNA replication is more intermittent where 
Pol a is required to initiate DNA replication more frequently forming Okazaki fragments the 
RF-C (clamp loader) removes Pol a and replaces it with PCNA (clamp) and Pol 6. When 
DNA replication reaches a cohesin associated region an alternative RF-C (RFCcmn) is 
required to unload PCNA and Pol 6, and DNA replication through cohesin associated region 
may be performed by Pol c. 
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Figure 1.7: DNA replication initiation, elongation and maturation 
(Continued). 
(C) Okazaki fragment maturation: DNA replicated by Pol 6 on the preceeding Okazaki 
fragment displaces the RNA (blue line) and DNA (black line) synthesised by Pol a. Step I - 
Pol 6 is unloaded and a complex containing Dna2 nuclease, Rad27/Fenl flap endonuclease 
and a DNA ligase is loaded onto the PCNA. Step 2 - The Dna2 nuclease degrades the RNA 
and the Rad27/Fenl cleaves the displaced DNA. The gap between the mature Okazaki 
fragments is ligated by a DNA ligase. Step 3 - The PCNA and the Dna2-Rad27-Ligase 
complex are unloaded from the newly synthesised DNA. 
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1.3.2 Differences between DNA replication during mitosis and meiosis 
DNA replication during mitosis and meiosis are similar with the respect to 
replication initiation and elongation, the same ARS sites and replication machinery 
are used and replication forks progress at siniilar rates (Collins and Newlon, 1994; 
Ofir et al., 2004). However, DNA replication during meiosis is roughly three times 
longer than mitotic DNA replication (Cha et al., 2000). Lengthened DNA replication 
time during meiosis can be attributed to modifications of the chromatin and 
chromosome dynamics required to establish interactions between homologous 
chromosomes essential for their faithful segregation during meiosis I. 
During early stages of meiosis alterations to the positioning of both the 
centromeres and telomeres occur. In a pre-meiotic cell, centromeres are congregated 
at the SPB. At the onset of the meiotic cell cycle, the centromeres disperse 
throughout the nucleus where they remain during meiosis (Trelles-Sticken et al., 
2005). By contrast, the telomeres are grouped into several perinuclear clusters prior 
to meiosis. At the onset of meiotic S-phase, telomeres disperse throughout the 
nuclear periphery, and migrate towards the SPB, and by the leptotene/zygotene 
transition they form a structure known as the telomere bouquet (Trelles-Sticken et 
al., 2005) (Figure 1.8). The changes in centromere and telomere dynamics prior to 
and during the early stages of meiosis are extremely important for the successful 
progression of meiosis. Genetic studies in S. cerevisiae. (ndjl4), S. pombe (tazl4 
and rapl4), and maize (pamlA) have shown that failing to form a telomere bouquet 
causes inefficient homologous chromosome pairing, resulting in the formation of 
mainly infertile gametes (Chikashige and Hiraoka, 2001; Cooper et al., 1998; 
Golubovskaya et al., 2002; Trelles-Sticken et al., 1999). 
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Figure 1.8: Centromere and telomere dynamics prior to and during 
meiosis. 
When the meiotic cell cycle is stimulated the centromeres move from being clustered to the 
spindle pole body to being dispersed within the nucleus. When pre-meiotic DNA replication 
occurs the telomeres migrate from perinuclear clusters to the spindle pole forming a 
structure known as a 'bouquet'. 
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As well as the changes in centromere and telomere dynamics, there are also 
modifications made to the chromatin during meiotic DNA replication. These 
modifications are necessary for the unique events that occur during meiosis I 
including pairing of homologous chromosomes (Smith et al., 2001), formation of 
double strand breaks (DSBs) (Keeney et al., 1997), initiation of recombination 
between homologues (Borde et al., 2000; Smith et al., 2001), formation of the 
synaptonemal complex (SC) (Smith et al., 2001), and the protection of centromeric 
cohesin from cleavage during the first meiotic division (Kitajima et al., 2004; 
Marston and Amon, 2004). For these reasons, a number of proteins function 
differentially during mitosis and meiosis, and some proteins exclusively function 
during meiotic S-phase. For example, there is a meiosis specific cohesin complex 
that contains Rec8 in place of the Sccl subunit of cohesin. Rec8 cohesin is required 
for the formation of inter-homologue interactions (Klein et al., 1999; Watanabe et al., 
2001) and maintenance of cohesion between sister chromatids following the first 
meiotic division (Toth et al., 2000). Also MUM2 is required for the progression of 
DNA replication during meiosis but not during mitosis (Davis et al., 2001). 
However, much is still to be learnt about the genetics of the differing characteristics 
of DNA replication between mitosis and meiosis. 
In addition to the lengthened time to complete DNA replication during meiosis 
there is also a mechanism to block DNA replication between the two meiotic nuclear 
divisions. The mechanism of replication blockage between meiosis I and II is 
complicated, as the conditions must be able to trigger both meiotic spindle 
disassembly (low CDK activity) and prevent formation of pre-replicative complexes 
(high CDK actvivity). In yeast, lowering the CDK activity is not essential for 
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blocking DNA replication between meiosis I and meiosis II, although it is important 
for chromosome segregation (Buonomo et al., 2003; Marston et al., 2003). Recently, 
an Schizosaccharomyces pombe (fission yeast) protein called Mesi, was found to 
regulate CDK activity, which allows initiation and progression from meiosis I to 
meiosis II without an intervening phase of DNA replication. Mesi partially inhibits 
APC/C degradation of CDK by binding to the APC/C, therefore acting as a 
competitor to CDK-APC/C binding/degradation (Izawa et al., 2005). However no 
obvious homologues of Mesi have been found in other research organisms, and there 
are likely other proteins required for the inhibition of DNA replication during the 
meiosis Ito meiosis II transition. 
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1.3.3 Response to DNA replication stalling 
DNA replication progression can be slowed or stalled by a number of factors 
including a protein-mediated blockage such as the presence of transcription 
machinery (Takeuchi et al., 2003), DNA damage (Barbour and Xiao, 2003), or 
depletion of deoxyribonucleic triphosphate levels (e.g. Hydroxyurea treatment) (Koc 
et al., 2004). In this project mutant strains of S. cerevisiae were assessed for 
hypersensitivity to both DNA damaging agents (methyl methanesulfonate and X-
rays) and hydroxyurea, which slow or stall progression of DNA replication. 
Stalled replication forks promote a DNA damage checkpoint response mediated 
by the Mecl protein (ATR kinase in mammals). The Mecl protein localises to DNA 
at stalled replication forks due to the generation of significant amounts of single 
strand DNA (ssDNA) coated with RP-A (Sogo et al., 2002; Zou and Stillman, 2000). 
The amount of ssDNA increases as the Mcm2-7 helicase continues to unwind DNA 
but the polymerases cannot replicate beyond a stall. By phosphorylation, the Med 
checkpoint kinase activates another protein kinase that is required cell cycle arrest, 
namely Rad53 (Lisby et al., 2004). Additionally, Mecl activates Mrcl by 
phosphroylation (Osborn and Elledge, 2003). Mrcl is a subunit of a complex with 
two other proteins, namely Csm3 and Tofi. The Mrcl-Csm3-Tofl complex is 
required for stabilising the stalled replication fork, and maintenance of cell cycle 
arrest, by maintaining the activity of Rad53 (Osborn and Elledge, 2003). Mrcl-
Csm3-Tofl continues to stabilise the stalled replication fork until the block is 
relieved, and replication and the cell cycle can be resumed (Nedelcheva et al., 2005). 
How the Mrcl-Csm3-Tofl complex stabilises the replication fork not understood, 
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however each subunit has been shown to interact with subunits of the Mcm2-7 
helicase (Gambus et al., 2006; Nedeicheva et al., 2005). Additionally, the presence of 
the Mrcl-Csm3-Tofl complex at the replication fork is dependent on their 
interaction with the GINS complex (Gambus et al., 2006). It is conceivable that the 
Mrcl-Csm3-Tofl complex may prevent further DNA unwinding at the replication 
fork by inhibiting/blocking the Mcm2-7 helicase activity. 
However, stalled replication forks caused by the presence of DNA lesions (e.g. 
mismatch or nick on a template strand) do not trigger the Mecl checkpoint because 
the unwinding activity of Mcm2-7 helicase is blocked (Branzei and Foiani, 2005). 
Two alternative pathways have been shown to be involved in processing stalled 
forks, and restarting DNA replication in the presence of a DNA lesion. Firstly, 
recombination-mediated replication restart occurs if the DNA lesion causes the 
replication fork to collapse, resulting in the formation of a double strand break (DSB, 
see Section 1.4). An unknown 5' to 3' nuclease resects the 5' end of the lagging 
strand at the DSB, forming a stretch of ssDNA that is coated by RP-A. The presence 
of RP-A stimulates the Mecl checkpoint mediated cell cycle arrest, and the 
replacement of PCNA with a heterotrimeric clamp (Radl7-Mec3-Ddcl) by another 
alternative RF-C clamp loader namely, RF-C Rad24  (Majka and Burgers, 2005). 
Although the Radl7-Mec3-Ddcl clamp is required for DNA repair, its exact function 
is not yet known. However, it is conceivable that the Radl7-Mec3-Ddcl clamp is 
required for signalling the recruitment of further proteins required for DNA repair. 
The mechanism of DSB repair requires strand invasion, DNA synthesis and branch 
migration of the leading strand. These events lead to the displacement of the 
damaged region. Following resolution of the strand invasion (junction), the displaced 
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region is cleaved by the flap endonuclease, Rad27, and results in a gene conversion 
recombination event (Wang et al., 2004) (Figure 1.9 A). DSB repair is explained in 
more detail in section 1.4. Secondly, the damage bypass mutagenesis pathway can 
repair ssDNA lesions after the modification of the PCNA clamp. PCNA can be 
modified by ubiquitination or sumoylation. Ubiquitination involves the covalent 
linkage of a short polypeptide (78 amino acids) called ubiquitin that promotes 
different cellular responses, including targeting a protein for degradation (Kessler, 
2006). Sumoylation involves the covalent linkage of a small ubiquitin-related 
modifier (SIJMO), which is also important for various cellular responses (Pastushok 
et al., 2004). If the PCNA is mono-ubiquitinated or sumoylated, it promotes 
translesion DNA synthesis using error-prone polymerases zeta (Pol t) and eta (P01 i) 
resulting in mutagenesis, bypassing the DNA lesion (Stelter and Ulrich, 2003) 
(Figure 1.9 B). If the PCNA is poly-ubiquitinated then the lesion is avoided using an 
error-free bypass mechanism. It has been proposed that this mechanism differs 
depending on whether the DNA lesion is present on the template for the leading or 
lagging strand. If the DNA lesion is present on the template for the leading strand, 
the replication fork regresses, the replicating strand opposed by the DNA lesion 
anneals to the newly, synthesised strand from the sister chromatid, and uses it as an 
alternative template (Figure 1.9 Q. After the damaged region is bypassed the 
replication fork migrates to allow re-annealing to the original template and DNA 
replication can progress as normal with the absence of the DNA lesion (Krogh and 
Symington, 2004; Stelter and Ulrich, 2003). However, a recent biochemical study 
that mimics a leading strand template blockage showed that a new priming event can 
occur downstream of the lesion, so that the portion of the leading strand template 
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encompassing the lesion is not copied and the resulting DNA will be single-stranded 
(Figure 1.9 D) (Heller and Marians, 2006). The resultant ssDNA gap is thought to be 
repaired after DNA replication via homologous recombination, using the undamaged 
strand as a template (Section 1.4). Therefore, in the case of a DNA lesion on the 
leading strand template, DNA synthesis is not continuous and restart must occur. 
Conceivably, a stall caused by a DNA lesion on the leading strand template during 
DNA replication, stimulates unloading of Pol E, Pol a is loaded by McmlO which 
binds to the Mcm2-7 helicase, therefore DNA replication would restart following the 
DNA lesion and result in a ssDNA gap (Ricke and Bielinsky, 2004). If the DNA 
lesion is present on the template for the lagging strand, it has been proposed that two 
Okazaki fragments invade the newly synthesised leading strand from the sister 
chromatid (Figure 1.9 E). The invading Okazaki fragment that is 5' uses the leading 
strand as a template to bypass the DNA lesion, and then ligates to the other invading 
Okazaki fragment, creating structure known as a double Holliday junction (dHJ). The 
dHJ is resolved, resulting in the formation of a new replication fork (Krogh and 
Symington, 2004). However, with the recent findings showing that DNA lesions on 
the leading strand template are bypassed (Heller and Marians, 2006), a similar 
bypass may ensue in the case of a DNA lesion on the lagging strand template. 
Although general mechanisms for maintaining replication fork stability, as well 
as repair of DNA lesions during DNA replication are known, much genetic and 
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Figure 1.9: DNA lesion bypass mechanisms during replication. 
If a DNA replication fork collapses to form a DSB the template of the lagging strand 
anneals to the leading strand template and replicates beyond the damaged region forming a 
single junction (D-loop), which is resolved resulting in a gene conversion event. DNA 
replication can then restart. 
Error-prone translesion DNA synthesis: If PCNA is mono-ubiquitinated or sumoylated, 
the DNA lesion is bypassed by error prone polymerases il and y. These polymerases result 
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Figure 1.9: DNA lesion bypass mechanisms during replication 
(Continued). 
Leading strand error-free damage bypass (model 1): If the PCNA is poly-ubiquinated and 
the leading strand template has a DNA lesion, the newly synthesised leading strand anneals 
to the lagging strand by replication fork regression. The leading strand then bypasses the 
lesion using the I newly synthesised agging strand as a template to bypass the lesion. The 
error-free leading strand can then re-anneal to the original template and continue DNA 
replication. 
Leading strand error-free damage bypass (model 2): DNA replication terminates at site of 
DNA lesion. DNA unwinding continues and DNA replication is re-initiated downstream from 
the DNA lesion, resulting in the formation of a gap. This gap is thought to be repaired by 
homologous recombination (Section 1.4). 
Lagging strand error-free damage bypass: If the PCNA is poly-ubiquinated and the DNA 
from the lagging strand template has a DNA lesion, two Okazaki fragments anneal to the 
newly synthesised leading strand and is used as the template to and results in the formation 
of a double Holliday Junction that can be resolved to allow DNA replication to continue 
normally. 
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1.4 Double strand break (DSB) formation and repair 
1.4.1 Double strand break formation and repair during mitosis 
Double strand breaks (DSBs) during mitosis are rare events that can either occur 
endogenously (e.g. replication fork collapse (Branzei and Foiani, 2005)), mating-type 
switching (Strathern et al., 1982) or from the result of exposure to external source 
such as ionizing radiation (e.g. X-rays), DNA alkylating agents (e.g. MMS) or 
chemicals that cause topoisomerase to be covalently linked to DNA (e.g. 
Camptothecin). Formation of DSBs during mitosis is undesirable as they can 
promote mutations and chromosomal rearrangements that can affect cell viability or 
cause diseases such as cancer. Therefore, all organisms have complex networks that 
detect and repair DSBs. 
In yeast, the major DSB repair pathway is homologous recombination (HR) and 
non-homologous end joining (NHEJ) plays a minor role (Friedl et al., 1998). HR is 
an error-free pathway that functions during late S to G2 phase, as it relies on the 
presence of sister chromatids to use as undamaged templates (Lisby and Rothstein, 
2004). N}IEJ can function during all stages of the cell cycle, but is most important 
during Gi and when cells are not proliferating, because the HR is not able to 
function (Lobrich and Jeggo, 2005). NHEJ involves direct ligation of two DSB. ends 
that do not necessarily share homology. See reviews by Daley et al., 2005 as well as 
Hefferin and Tomkinson, 2005, for further details of this mode of DSB repair. 
There are two HR pathways that repair DSBs during mitosis, namely double 
Holliday. Junction (dHJ) repair and synthesis dependent strand annealing (SDSA). 
Both models share the same initial HR steps, which result in the formation of a 
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structure known as a single-end invasion (SEI) complex (Figure 1.10). Firstly, the 
Rad50-Mrel 1-Xrs2 (RMX) complex localises at the site of the DSB (Krogh and 
Symington, 2004). Among other functions, the RMX complex is required for the 
recruitment of Tell, a DNA damage checkpoint kinase (ATM kinase in mammals) 
(D'Amours and Jackson, 2002), and is postulated to act as a bridge linking the two 
ends of the DSB (Kaye et al., 2004; Lobachev et al., 2004). Tell stimulates cell cycle 
arrest by a similar mechanism to Med (Section 1.3.3) (Keith and Schreiber, 1995). 
Tell also phosphorylates histone H2AX (y-H2AX) (Shroff et al., 2004). H2AX 
phosphorylation is vital for efficient DSB repair; this modification is thought to 
allow proteins required for DSB repair to bind to the chromatin (Foster and Downs, 
2005). The presence of Tell also stimulates the recruitment of Sae2/Coml. 
Sae2/Com1 regulates the localisation of downstream repair proteins to the DSB, and 
plays a role in efficient dissociation of RMX and Tell from the DSBs (Lisby et al., 
2004). An unidentified 5' to 3' nuclease then resects the exposed 5' strands of each 
DSB end, forming a stretch of ssDNA that is coated by RP-A. As discussed in 
section 1.3.3, the presence of RP-A stimulates the Mecl kinase (ATR kinase in 
mammals) DNA damage checkpoint, as well as replacement of PCNA with the DNA 
damage specific Radl7-Mec3-Ddcl clamp, which is mediated by the RF-C 24 
clamp loader. Additionally, the presence of RP-A stimulates recruitment of members 
of the Rad52 homologous repair epistasis group (RadS 1, Rad52, Rad54, Rdh54/Tidl, 
Rad55 and Rad57). The arrival of Rad52 is co-ordinated with the removal of RMX, 
Sae2/Coml and Tell (Lisby et al., 2004). Rad52 is heptameric and has been shown 
to link the two 3' ssDNA ends in place of the RMX linkage (Kaye et al., 2004; 
Lobachev et al., 2004). As a complex with Rad55 and Rad57, RadS 1 then binds to 
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Rad52. Following this, Rad52 stimulates the replacement of RP-A with Rad5 1 
(Wolner et al., 2003). The Rad5l-Rad55-Rad57 nucleoprotein filament can locate a 
homologous DNA target sequence (Sung and Robberson, 1995). The chromatin 
remodelling functions of Rad54 and Rdh54/Tidl allow the Rad5 1-Rad55-Rad57 
nucleoprotein filament to invade and promote homologous pairing (Petukhova et al., 
1998; Petukhova et al., 2000), forming a single-end invasion (SET) complex 
(Hollingsworth and Brill, 2004). Additionally, the cohesin complex is required to 
hold the sister chromatids together during HR (Lehmann, 2005). 
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Figure 1.10: Initial steps during mitotic homologous recombination. 
A double strand break is formed. 
The RMX complex detects and bridges the two DSB ends stimulating the Tell (ATM) 
DNA damage checkpoint, H2AX is phosphorylated (y-H2AX) and Sae2/Coml is recruited. 
RP-A binds to the 3' ssDNA produced by an unknown 5' to 3' nuclease stimulating the 
Med (ATR) DNA damage checkpoint. RMX disassociates from the DSB and Rad52 tethers 
the two DSB ends. 
Rad52 together with Rad55 and Rad57 stimulates the unloading of RP-A and the loading 
of Rad5l onto the ssDNA. 
The Rad5l-Rad55-Rad57 coated ssDNA can then locate a homologous sequence and 
chromatin remodelling proteins Rad54 and Rdh54fTidl allow strand-invasion, forming a 
structure known as a single-end annealing (SEI) complex. Sister chromatid cohesion is 
required to hold sister chromatids together during HR. 
36 
Chapter One: Introduction 
From this point the SE! can be processed by dHJ repair or SDSA (Figure 1.11). 
Each repair pathway initiates by DNA synthesis extending the invading strand 
creating a D-loop structure. 
A dHJ structure is formed when DNA synthesis extends so that the D-loop can 
anneal with the 3'-tail on the other side of the break, and DNA synthesis fills the gap 
at the non-invading strand, and both sites are ligated to create an intact dHJ. 
Symmetric or asymmetric cleavage of a dHJ will result iri a non-crossover (NCO) or 
crossover (CO) event respectively (Heyer, 2004). The identity of the 'resolvase' that 
cleaves nuclear dHJs in budding yeast is not known but all known HJ resolvases to 
date cleave symmetrically and asymmetrically with equal probability (Figure 1.11 A) 
(Sharples, 2001). 
A process known as dHJ dissolution has also been characterised. dHJ dissolution 
results in the formation of NCO events, which are promoted by the action of a 
heterotrimer complex, Sgsl-Rmil-Top3, during mitosis and meiosis (fra et al., 2003; 
Mullen et al., 2005; Rockmill et al., 2003). Evidence suggests that Sgsl-Rmil-Top3 
binds to a dHJ, and contracts both junctions towards each other (Ira et al., 2003). 
Top3, a Type I topoisomerase, then cleaves one strand of the dHJ to result in a NCO 
(Figure 1.11 B) (fra et al., 2003; Krogh and Symington, 2004; Ui et al., 2005). 
Another protein, Srs2 has been shown to be required for SDSA. Deletion of SRS2 
causes increased levels of CO events, and Srs2 has been shown to remove Rad5 1 
from ssDNA in-vitro (Krejci et al., 2003; Veaute et al., 2003). Removal of Rad5l 
prevents dHJ formation, instead, the invading strand retreats and anneals to the 3'-
tail on the other side of the break and DNA synthesis repairs both ends resulting in a 
non-crossover gene conversion event (Figure 1.11 C) (Krogh and Symington, 2004). 
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During mitosis, gene conversion is rarely associated with crossing-over and it is 
generally believed that most DSBs are repaired via the SDSA and dHJ dissolution 
pathways (fra et al., 2003; Mullen et al., 2005; Strathern et al., 1982). The 
importance of suppressing CO recombination events during mitosis is made clear by 
the phenotypes observed for mutants of the human Sgsl homologues BLM and 
WRN; both lead to genome instability and increased risk of cancer (Ellis et al., 1995; 
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Figure tIl: Alternative DSB repair pathways during mitosis. 
Double Holliday Junction Resolution. dHJs form when DNA replication extends the 
single-end invasion (SEI) to form D-loop. The D-loop can anneal to the 3' tail of the other end 
of the DSB and DNA synthesis of the non-invading strand occurs. As depicted a yet to be 
characterised resolvase cleaves the dHJ structure symmetrically or asymmetrically to form 
non-crossover or crossover products respectively. 
Double Holliday Junction Dissolution. The Sgsl-Rmil-Top3 complex recognises and 
contracts the dHJ structure. Top3 cleaves one of the invading strands resulting in a non-
crossover event. 
Synthesis Dependent Strand Annealing (SDSA). The Srs2 protein detects the D-loop 
structure and removes Rad5l from the invading strand. DNA synthesis enables the invading 
strand to re-anneal to the 3' tail of the other side of the DSB, and then D-loop collapses. 
Further DNA synthesis results in a non-crossover event. 
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1.4.2 Double strand break formation and repair during meiosis 
Formation of DSBs and homologous recombination during meiosis are vital for 
formation of fertile gametes. Homologous recombination during meiosis is important 
for three main reasons. Firstly, it promotes genetic diversity by creating new 
combinations of paternal and maternal alleles. Secondly, it removes deleterious 
mutations that may have become present during the vegetative cell cycle or during 
meiotic DNA replication (Whitby, 2005). Finally, it stimulates pairing and the 
formation physical connections called chiasmata between homologues that are 
important for homologous chromosome segregation during meiosis I (Petronczki et 
al., 2003). 
Following DNA replication during meiosis, Spoil, an endonuclease causes 
double strand breaks throughout the genome (Keeney et al., 1997). For S. 
cerevsisiae, i 5 0-200 DSBs form almost exclusively in intergenic promoter regions, 
known as DSB hot-spots (Baudat and Nicolas, 1997; Keeney, 2001). Meiotic DSB 
formation also requires at least eleven other proteins, namely the RMX complex, 
Mre2fNam8, Mei4, Men, Rec102, Rec103/Ski8, Recl04, Rec107/1\4er2, and Red 114 
(Keeney, 2001; Richardson et al., 2004). According to the interactions between these 
proteins summarised in Figure 1.12 and their mutant phenotypes (Arora et al., 2004; 
Jiao et al., 2003), all proteins except Mre2/Nam8 and Men, which are required for 
pre-mRNA splicing of REC i 07/MER2 (Spingola and Ares, 2000), appear to be 
directly involved in the formation of Spoil mediated meiotic DSBs. Recent work 
showed that phosphorylation of Reci07/Mer2 by Cdc28-CDK is required for meiotic 
DSB formation, thus linking the meiotic cell cycle and recombination (Henderson 
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and Keeney, 2006). However, the specific function of the other proteins is notyet 
clear. 
The repair of DSBs during meiosis is similar to mitotic DSB repair with some 
key differences. The events are summarised in Figure 1.12 and 1.13. HR during 
meiosis rarely occurs between sister chromatids as is the case during mitosis, instead 
exchange predominantly occurs between homologous chromosomes (Schwacha and 
Kleckner, 1997). For HR to occur between homologues during meiosis, the 
chromosomes need to pair. Initial pairing has been shown to be independent of DSB 
formation (Cha et al., 2000). As discussed in Section 1.3.2, changes in centromere 
and telomere dynamics are required for homologous chromosome pairing (Trelles-
Sticken et al., 1999) (Figure 1.5 A). Additionally, homologous chromosome pairing, 
formation of DSBs and SC formation during meiosis have been shown to be 
intimately linked in S. cerevisiae. A recent study has shown that centromeric pairing 
plays an important role in homologous chromosome pairing (Tsubouchi and Roeder, 
2005). This study showed that initially centromeric interactions occur mainly 
between non-homologous chromosomes, and they then undergo switching until all 
homologous centromeres are paired prior to zygotene. Interestingly, centromeric 
interactions are dependent on the central component of the SC, Zip 1, which localises 
to the centromere. Furthermore, transition from non-homologous to homologous 
centromere pairing is dependent on Spoil. Additionally, it was observed that 
homologous chromosome pairing is absent in a SPOil null mutant, whereas a point 
mutation that makes Spoil endonuclease catalytically inactive can support normal 
levels of pairing during meiosis (Cha et al., 2000). It has also been shown that Mer2, 
Mei4, Rec102, Sae2/Coml and the RMX complex are required for homologue 
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pairing, independent of their function in forming DSBs (Cha et al., 2000; Nag et al., 
1995; Rockmill et al., 1995; Weiner and Kieckner, 1994). 
When homologous chromosomes have paired and DSBs have formed, a bias 
towards inter-homologue (N) recombination must be established. The mechanism of 
N recombination bias is currently not well understood. However, Rec8 (the meiosis 
specific cohesin subunit (Klein et al., 1999)), Dmcl (a meiosis specific protein with 
similar function to Rad5l, see below), Rdh54/Tidl (chromatin remodelling needed 
for co-localisation of Rad5 1 and Dmcl to DSBs during meiosis (Shinohara and 
Shinohara, 2004)), and the axial element protein complexes, Meki-Redi-Hopi 
(inhibits recombination between sister chromatids during meiosis (Niu et al., 2005; 
Schwacha and Kieckner, 1997)) and Hop2-Mndl (stabilises the SEI intermediate 
formed between homologues during meiosis (Zierhut et al., 2004)) are required for 
N recombination. 
During meiosis SET formation between homologous chromosomes is not only 
instigated by the Rad5 1, but its meiosis specific homologue, Dmc 1 is also required 
(Shinohara and Shinohara, 2004). From immunofluorescence microscopy 
observations it has been suggested that Rad5 1 and Dmcl filaments localise to 
separate 3' ssDNA ends of the same DSB (Shinohara et al., 2000). Furthermore, 
Spol 1-induced DSBs could result in asymmetrical ends, which potentially lead to 
Dmcl and Rad5l being loaded on opposite sides of the DSBs (Neale et al., 2005). 
The presence of the Rad5 1 -Rad55-Rad57 nucleoprotein filament at DSBs is required 
for Dmcl loading (Bishop, 1994). Dmcl forms a nucleoprotein filament with two 
other meiosis specific proteins, namely Sae3 and MeiS, which are required for 
loading of Dmcl onto the ssDNA formed at a DSB (Hayase et al., 2004). In 
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conjunction with the chromatin remodelling proteins Rad54 and Rdh54, Hop2-Mndl, 
a meiosis specific complex is also required for stabilising the SETs generated 
between homologous chromosomes (Shinohara and Shinohara, 2004). It is still 
unknown whether either the Dmc 1 or Rad5 1 nucleoprotein is selectively involved in 
the SET process. 
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Figure 1.12: Initial steps during meiotic homologous recombination. 
Activation of Spoil endonuclease. Confirmed interactions between Spoil with ReclO3 
(Arora et al., 2004) and Recl02-ReciO4 (Jiao et al., 2003) predicts that they are present as 
a complex. Interactions (indicated by the black arrows) between Recii4 and Recl04, 
Red 14 and phosphorylated Mer2, Mer2 and Xrs2 and Mei4 with both Reel 14 and Mer2 
have been shown (Arora et al., 2004). Weaker interactions between other components of the 
Spoil DSB machinery have also been observed, but are not yet confirmed (Arora et al., 
2004). 
Spoil endonuclease creates an asymmetric DSB. The RMX complex detects and 
bridges the two DSB ends stimulating the Tell DNA damage checkpoint, H2AX is 
phosphorylated (y-H2AX) and Sae2/Coml is recruited. 
Rad52, together with Rad55-Rad57 and Mei5-Sae3, stimulates the unloading of RP-A 
and the loading of Rad5i and Dmcl onto opposite ends of the DSB respectively. 
Rad5l or Dmcl coated ssDNA can then locate a homologous sequence on the 
homologous chromosome and chromatin remodelling proteins Rad54, Rdh54 and Hop2-
Mndl allow strand-invasion. 
Sister chromatid cohesion with cohesin containing Rec8 is required for HR during meiosis. 
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Homologous recombination during meiosis results in crossover (CO) events more 
frequently than during mitosis, in fact at least one CO between each homologue pair 
is required to ensure correct chromosome segregation during meiosis I (see Section 
1.5.2) (Petronczki et al., 2003). Figure 1.13 summarises the DSB repair mechanisms 
that function during meiosis. As shown in Figure 1.11, during mitosis, a dHJ can 
result in the creation of a CO or NCO. However, it has been shown that reduction in 
dHJ resolution during meiosis only effects CO events. Therefore, it is proposed that 
dHJs during meiosis are only resolved asymmetrically (Figure 1.13 A) (Whitby, 
2005). Strikingly, CO events during meiosis are non-random and if two or more CO 
events occur between homologous chromosomes, they generally do not occur near 
one another. This is due to a process known as crossover interference (COi) (Bishop 
and Zickler, 2004). Most details of COi are not yet defined. However, the promotion 
of NCO events by Sgsl-Top3-Rmil (Figure 1.13 D) and Srs2 (Figure 1.13 E) 
discussed in section 1.4.1 are known to be required for the COi process (Palladino 
and Klein, 1992; Rockmill et al., 2003). Another group of proteins collectively 
known as ZMM proteins (Mer3, Msh4, Msh5, Zipi, Zip2 and Zip3), are required for 
interference associated COs. The ZMM proteins stabilise the SEI and dHJ 
intermediates, which are required for the formation of physical connections between 
homologues known as chiasmata (Borner et al., 2004; Fung et al., 2004). Mer3 
catalyses the SET extension to form dHJ (Mazina et al., 2004), which is stabilised by 
Msh4-Msh5 heterodimeric rings (Kunz and Schar, 2004). Stabilised dHJs are 
initiation sites for the formation of the synaptonemal complex, which connects the 
axes of homologues along their entire lengths (Henderson and Keeney, 2004). ZMIM 
proteins Zip 1, Zip2 and Zip3 are components of the synaptonemal complex (SC) that 
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hold homologues together and are thought to preserve the chiasmata. Chiasmata are 
required for chromosome segregation during meiosis I (see Section 1.5.2) (Page and 
Hawley, 2003). 
In S. cerevisiae and mammals, the majority of meiotic COs are mediated by the 
ZMM proteins. However, the Mus8l-Mms4 repair pathway is another known DSB 
repair pathway that produces COs during meiosis (Figure 1.13 B). The Mus8 1 -Mms4 
endonuclease nicks the non-invaded strand, and D-loop structure of the undamaged 
homologue template thus preventing the formation of a dHJ (de los Santos et al., 
2003). The COs produced by this pathway are not SC initiation sites and are not 
subject to COi (de los Santos et al., 2003). 
A third unknown CO DSB repair pathway also exists, because in the absence of 
ZMM and Mus8 1 -Mms4 components, residual COs are still observed during meiosis 
(Abdullah et al., 2004; de los Santos et al., 2003).. 
Ent 
A 	 B 
	
C 
Lk - - ~M. 
(A) 	 (8) 
_7LZ (b)  
(A) 	 .1' 
p 
-.. 
-4---- 	 - 	 -* 	- 	- ----. - 
Crossover (a+B) with 	 Crossover without 















h4us8 1- v1 ms4 
Sgs-Rm I -Top3 
Do- 
Srs2 
Non-crossover 	 Non-crossover 
Figure 1.13: Alternative DSB repair pathways during meiosis. 
ZMM mediated dHJ resolution. The single-end invasion (SEI) is stabilised by Mer3 and 
the Msh4-Msh5 complex stabilises the dHJ, which prevent dHJ structures forming at nearby 
Spoil induced DSBs, a phenomenon known as crossover interference (COi). A yet to be 
characterised resolvase cleaves the dHJ structure asymmetrically to form crossovers. 
Mus8l-Mms4 DSB repair. The Mus8l-Mms4 endonuclease nicks the non-invaded strand 
and D-loop structure of the undamaged homologue template, thus preventing the formation 
of a dHJ. This pathway results in the formation of a crossover that does not cause COi. 
An unknown crossover DSB repair pathway. 
dHJ Dissolution. Due to COi dHJ that form nearby the ZMM mediated dHJ may be 
dissolved by the function of the Sgsl-Rmil-Top3 complex. 
Synthesis Dependent Strand Annealing (SDSA). Due to COi, DSBs nearby the ZMM 
mediated dHJ do not form dHJ structures. This is related to the function of Srs2. 
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1.5 Chromosome Segregation 
Symmetrical segregation of homologous chromosomes during meiosis and sister 
chromatids during mitosis and meiosis are essential for survival and reproduction of 
all living organisms. Incorrect segregation gives rise to aneuploidy, a common 
feature of most cancer cells (Jallepalli and Lengauer, 2001), and during meiosis 
causes gamete sterility/miscarriage and genetic disorders, such as Down's Syndrome 
in humans (Hassold and Hunt, 2001). 
1.5.1 Chromosome segregation during mitosis 
At metaphase during mitosis, the kinetochores of a sister chromatid pair are bi-
oriented, and following the removal of sister chromatid cohesion, the chromatids are 
pulled towards opposite spindle poles (Figure 1.14). Undesired kinetochore mono-
orientation is a common phenomenon during mitosis (Cheeseman and Desai, 2004). 
There is a mechanism that ensures kinetochore bi-orientation prior to the metaphase 
to anaphase transition. Tension between sister chromatids is present only if they are 
bi-orientated, as cohesion between sisters acts negatively against the pulling action of 
the spindle poles. The Ipll-Slil5 kinase complex (orthologue of Aurora-B-INCENP 
in humans) localises to the kinetochores when they have become attached to 
microtubules, and is required to determine whether tension between sister chromatids 
is present (Tanaka et al., 2005). The Ipll-S1i15 kinase phosphorylates both Dami and 
Spc34, which are both part of a kinetochore component (Dam 1 complex) that is 
involved in kinetochore-microtubule attachment. Dami and Spc34 phosphorylation 
are thought to destabilise the kinetochore-microtubule attachment, and if tension is 
absent between sister chromatids, kinetochores are detached from the microtubule's 
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(Shang et al., 2003). In conjunction with the Ipll-S1i15 kinase, lack of tension is 
detected by a kinetochore protein Sgol. Both Ipll-S1i15 and Sgol are required to 
stimulate the spindle assembly checkpoint (SAC) (Indjeian et al., 2005). SAC 
prevents metaphase to anaphase transition until all chromatid pairs are bi-örientated 
and aligned along the metaphase plate (Kadura and Sazer, 2005; Lew and Burke, 
2003). When all chromatid pairs are bi-oriented, cohesion between sister chromatids 
is removed allowing the pulling forces from both spindle poles to separate the 
chromatids to opposite daughter cells. To prevent premature loss of cohesion, SAC 
proteins Mad2, Mad3 and Bub3 form the mitotic checkpoint complex (MCC) that 
binds to Cdc20, inhibiting it from binding to the APC/C (Yu, 2002). The APC/C-
Cdc20 complex is responsible for the ubiquitination and subsequent degradation of 
Pdsl (Securin) which is normally bound to Espi (Separase) (Petronczki et al., 2003). 
Espi is a protease that cleaves the Sccl subunit of cohesin, thus removing cohesion 
between sister chromatids (tjhlmann, 2004). Therefore, when the MCC is inactivated 
or down-regulated by a yet to be discovered mechanism, the APC/C-Cdc20 complex 
can form and stimulate degradation Pdsl by ubiquitination. Espi is released from 
being bound to Pdsl and can cleave the Sccl subunit of cohesin, and as a result, 
sister chromatids are separated (Craig and Choo, 2005). 
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Figure 1.14: Control of chromosome segregation during mitosis. 
Sister chromatid kinetochores are attached to microtubules emanating from the same 
spindle pole (mono-orientation). The lpl1-Sli15 kinase and Sgol determine the lack of 
tension between sister chromatids due to mono-orientation. 
The mono-orientation stimulates SAC and the loss of kinetochore-spindle attachment. 
The mitotic checkpoint complex (MCC, Mad2-Mad3-Bub3) binds to Cdc20 and prevents it 
from activating the APC/C. 
Kinetochores of the sister chromatids have re-attached to microtubules from opposite 
spindle poles (bi-orientation) and the tension is determined by lpl1-Sli15 kinase and Sgol 
and the SAC response is repressed. Therefore MCC is downregulated and Cdc20 is 
released and binds to APCIC. The APC/C-Cdc20 ubiquitinates Securin (Pdsl), which was 
inactivating separase (Espi). Separase then cleaves the Sccl subunit of the cohesin 
complex 
Sister chromatids unbound by cohesin migrate toward separate spindle poles. 
50 
Chapter One: Introduction 
1.5.2 Chromosome segregation during meiosis 
During meiosis, two rounds of chromosome segregation follow a single round of 
DNA replication. During meiosis I, a unique chromosome segregation event takes 
place where homologue pairs separate to opposite poles, while sister chromatids 
remain associated until meiosis II (Figure 1.4). There are four main chromosome 
modifications summarised in Figure 1.15, which are required for homologous 
chromosome segregation during meiosis I. Firstly, homologous chromosome 
synapsis must form structures known as bivalents that enable the alignment of 
homologues along the metaphase I plate. Secondly, when the synaptonemal complex 
is then broken down during diplotene/diakinesis, homologous chromosomes are held 
together thanks to chiasmata, which have formed due to ZMM mediated crossover 
recombination events. The chiasmata provide the tension required to allow 
chromosome segregation during meiosis I. Thirdly, centromeric cohesion between 
sister chromatids must be maintained following meiosis Ito allow proper segregation 
during meiosis II. Finally, kinetochores of sister chromatids must attach to 
microtubules emanating from the same spindle pole during meiosis I, instead of 
opposite spindle poles as is the case during mitosis and meiosis II. 
Recent work has shown the importance of the cohesin complex for correct 
chromosome segregation during meiosis. The meiosis specific cohesin complex 
containing Rec8 in place of Sccl (Section 1.3.2), is required for recombination and 
stabilising chiasmata (Klein et al., 1999). Immunolocalisation experiments have 
shown that cohesion between sister chromatids is lost in a step-wise manner during 
meiosis. During meiosis I Rec8-cohesin is cleaved along the chromosome arms, but 
it is preserved 25kb either side of the centromeres until meiosis 11 (Kiburz et al., 
Burt 
vie 
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2005; Klein et al., 1999; Watanabe et al., 2001). Phosphorylation of Rec8 by Cdc5 
Polo-like kinase is required for cohesin cleavage during meiosis (Lee and Amon, 
2001) (note: Sccl phosphorylation by Cdc5 is also observed during mitosis, but it is 
not essential for cleavage (Alexandru et al., 2001)). It is thought that Rec8 
phosphorylation by Cdc5 is inhibited at regions around the centromere during 
meiosis I and it has been predicted that Sgol provides this protection (Marston et al., 
2004). Between G2 and Metaphase II of meiosis, Sgol localises to cohesin 
associated to centromeric regions (Kitajima et al., 2004). In the absence of Sgol 
centromeric cohesion is not preserved beyond meiosis I (Kitajima et al., 2004). Sgol 
localisation to the centromere during meiosis is dependent on the kinetochore 
component and SAC protein Bubi (Kiburz et al., 2005). Additionally, meiosis 
specific protein Spoi3, and kinetochore proteins Im13 and Ch14 have recently been 
shown to be required for normal centromeric localisation of Sgol during meiosis, 
and thus are important for the preservation of centromeric cohesion during meiosis I 
(Kiburz et al., 2005). Most recently, two groups have shown that Sgol is required for 
the localisation of a specific form of protein phosphatase 2A, PP2A7r (Tpd3-Rtsl-
Pph2l/Pph22) which is also required for preservation of centromeric cohesion during 
meiosis I (Kitajima et al., 2004; Riedel et al., 2006). PP2Air is required for 
dephosphorylation of Rec8, which presumably counteracts phosphorylation by Cdc5 
(Riedel et al., 2006). 
Recent findings have also shed light upon the mechanism of sister kinetochore 
mono-orientation during meiosis I. A complex known as monopolin (Maml-Csml-
Lrs4) has been found to localise at the kinetochores between G2 and Metaphase I and 
they are required to prevent bi-orientation of sister kinetochores (Toth et al., 2000). It 
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is predicted that monopolin initiates mono-orientation by clamping the microtubule 
binding sites of sister kinetochores together (Marston and Amon, 2004). The 
chiasmata provide the tension required to maintain bi-orientation of the homologous 
chromosomes, and avoid kinetochore-microtubule disassociation mediated by the 
Ipll-Slil5 kinase (Petronczki et al., 2003). During meiosis II, the sister kinetochores 
are not bound with monopolin so are bi-oriented (Toth et al., 2000). The remaining 
centromeric cohesion is no longer protected by Sgo 1 and cleavage by separase can 
occur, resulting in separation of sister chromatids to opposite poles and formation of 
four haploid spores or gametes. 
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Figure 1.15: Chromosome segregation during meiosis. 
During pachytene of prophase I, homologous chromosomes recombine and form bivalent 
structures consisting of a synaptonemal complex (SC) that serves as a tight linkage between 
homologues and lateral elements (LE) that are highly condensed sister chromatids bound by 
cohesin. This structure is known as a bivalent. 
During diplotene/diakinesis, the SC dissociates and homologues are held together by 
chiasmata. At metaphase I, the sister kinetochores act as a single microtubule attachment 
site by the action of monopolin (Maml-Csml-Lrs4) and the chiasmata provide tension 
between homologues required to inhibit the lpl1-Sli15 kinase mediated SAC response. 
Additionally, Sgol protects cohesin 50 kb around the centromere and preserves the link 
between sister chromatids prior to meiosis II. 
Following meiosis I, Sgol dissociates from the sister chromatids that during meiosis II, 
segregate to opposite poles, resulting in the formaton of four haploid spores/gametes. 
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1.6 High-throughput Biology 
Over the last ten years one of the major changes in biological research has been 
the introduction of high-throughput experimental strategies collectively known as 
'Omics'. These 'omics' strategies have resulted in the production of vast amounts of 
data that help discover gene function and increase understanding of biological 
processes. In this section I shall discuss the 'omics' strategies relevant to this project 
and ways in which omics data has been used to predict gene function. 
1.6.1 'Omics' Datasets 
Genomics can be defined as the study of the whole genome sequence and the 
information contained therein. Since 1995, nearly 300 genome-sequencing projects 
have been completed and published including that of S. cerevisiae in 1996 (Goffeau 
et al., 1996), and another 1200 are currently underway (Liolios et al., 2006). Among 
other things, genomic data has been used to determine protein-coding sequences 
known as open reading frames (ORFs). There are approximately 6200 ORFs within 
the S. cerevisiae genome (Goffeau et al., 1996). 
Many genome-wide experiments have been performed to assess the presence and 
abundance of open reading frame transcripts during different environmental and 
genetic conditions. These data are collectively known as Transcriptomics. Since the 
late 1990s,   many genome-wide expression experiments have been performed with S. 
cerevisiae, providing useful gene function predictions. For example, two microarray 
expression analyses have focussed on meiosis and sporulation (Chu et al., 1998; 
Primig et al., 2000). The most recent study clusters expression profiles into 
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functional categories including genes involved in DNA replication, recombination 
and synaptonemal complex formation (Primig et al., 2000). 
Another genome-wide method that has recently been developed is called 
Localisomics. Generally, this method involves tagging ORFs with a sequence 
encoding a fluorescent protein, thus allowing analysis of the subcellular localisation 
of the resulting fusion protein using fluorescence microscopy. Localisomics is very 
useful for gene annotation, and recently (Kumar et al., 2002) localised 44% (2,744 
proteins) of the S. cerevisiae proteome, including -1 ,000 proteins of unknown 
function. 
Genome-wide analysis of gene mutations and expression knock downs under 
various environmental conditions has been termed Phenomics. Gene deletion 
mutants for the 5100 non-essential S. cerevisiae genes have been created (Winzeler 
et al., 1999) and many experiments assessing phenotype have been performed using 
these deletion mutants, including response to DNA damaging agents (Begley et aL, 
2004; Bennett et al., 2001; Chang et al., 2002; Game et al., 2005; Parsons et al., 
2004) and chromosome segregation (Dorer et al., 2005; Marston et al., 2004; 
Measday et al., 2005). 
Finally, the Interactome includes data from experiments assessing both physical 
and genetic interactions. Physical interactions include protein-protein interactions. A 
number of genome-wide assessments of these interactions have been performed for 
S. cerevisiae using either yeast two-hybrid (Hazbun et al., 2003; Ito et al., 2001; Uetz 
et al., 2000) or co-affinity purification coupled with mass spectrometry techniques 
(Gavin et al., 2006; Gavin et al., 2002; Ho et al., 2002; Krogan et al., 2004a; Krogan 
et al., 2006; Krogan et al., 2004b). Genetic interactions are determined by assessing 
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phenotypic differences, such as vegetative growth, between two single genetic 
alterations (e.g. gene deletion or gene overexpression) compared to their phenotype 
when they are combined. S. cerevisiae has been at the forefront in determining such 
interactions (Bellaoui et al., 2003; Davierwala AP et al., 2005; Measday et al., 2005; 
Pan et al., 2006; Tong et al., 2001; Tong et al., 2004). 
1.6.2 Integration of 'Omics' Datasets 
Although 'omics' data-sets have proved to be useful, according to the 
Saccharomyces Genome Database (SGD) (Balakrishnan et al., 2006) more than one 
third of the S. cerevisiae genes do not have a biological process andlor molecular 
function assigned. One major reason for this is due to limitations of the 'omics' data-
sets. Firstly, false positive data are a common problem within high-throughput 
datasets. For example, it has been estimated that only 50% of the reported 
interactions within yeast two-hybrid data-sets have biological relevance (Mrowka et 
al., 2001). It is known that gene epitope tagging can result in incorrect protein 
localisation data (Huh et al., 2003; Kumar et al., 2002). Additionally, 6.5% of the 
yeast genome deletion library is problematic with respect to background mutations 
(Grunenfelder and Winze!er, 2002). Secondly, procedures used for high-throughput 
experiments can also give rise to limitations. For example, the genome-wide protein 
localisation analysis was performed in vegetative cells under normal growth 
conditions, whereas a number of proteins may only localise to a particular cellular 
component when exposed to a precise environmental condition. For yeast two-hybrid 
interaction experiments, the • 'bait' and 'prey' proteins interact inside the nucleus, 
which in many cases is not their native cellular component. Protein complex 
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purification experiments (Gavin et al., 2002; Ho et al., 2002) are biased towards 
proteins that are of high abundance within the cell (von Mering et al., 2002). 
Due to the limitations of the data acquired from high-throughput analyses, a 
number of methods have been developed to combine datasets in an aim to assess 
whether the data support each other. This was initially done by combining data from 
similar experiments such as high-throughput physical interactions. Although useful 
in a small number of case studies, the data usually showed little overlap. For 
example, two high-throughput S. cerevisiae protein complex experiments that 
collectively cover 25% of the yeast proteome (Gavin et al., 2002; Ho et al., 2002), 
but only overlap for 5.8% of their reported interactions (Bader and Hogue, 2002). 
To circumvent these problems, a number of methods have been developed that 
combine protein interaction data with other data available to increase confidence. 
Methods have been used to combine mRNA expression with protein interaction data 
(Ge et al., 2001; Jansen et al., 2002; Kemmeren et al., 2002) and proteins that interact 
commonly showed a correlation in mRNA expression pattern. More recently, work 
combining mRNA expression, genetic interactions and database annotations was 
used to validate protein interaction data (Bader et al., 2004). 
The main aim of high-throughput experiments is to provide insight into gene 
function for the entire genome. Recently, researchers have begun to develop a 
number of in-silico methods to predict gene function by integrating a number high-
throughput datasets (Bader et al., 2004; Hwang et al., 2005; Karaoz et al., 2004; 
Kelley and Ideker, 2005; Kemmeren et al., 2005). However, to my knowledge only 
three integration methods include the high-throughput genetic interaction datasets for 
S. cerevisiae (Bader et al., 2004; Kelley and Ideker, 2005; Myers et al., 2005). These 
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studies either do not provide (Bader et al., 2004; Kelley and Ideker, 2005) or provide 
very little experimental analysis of their predictions (Myers et al., 2005). 
1.7 Genes implicated for a role in DNA processing 
In Section 1.1 to 1.5 of this introduction, I have covered what is known about 
DNA processing with respect to DNA replication, recombination and repair as well 
as chromosome segregation during both mitosis and meiosis with focus on 
Saccharomyces cerevisiae, the model organism used for this work. I have also made 
it clear that many S. cerevisiae genes are currently not assigned to a biological 
process or molecular function despite the large amount of high-throughput 
experiments that have been performed. Therefore it is conceivable that there are still 
many genes with a yet to be found role in DNA processing. 
Within this thesis I will describe an in-silico screen, mining existing data-sets 
including interaction, expression, localisation and phenotype data to select partially 
uncharacterised genes involved in meiotic DNA processing. This in-silico screen 
resulted in the selection of 81 partially uncharacterised genes, collectively known as 
DNAPIS (DNA processing interactor selection). Deletion mutants corresponding to 
the DNAPIS genes were created to assess whether the genes are involved in various 
DNA processing events, including DNA replication, repair and recombination as 
well as chromosome segregation. There are a large number of genome-wide data-sets 
based on screening for genes involved in DNA processing during mitosis. Therefore, 
a greater focus was placed on screening the selected genes for roles in meiotic DNA 
processing. Among the 81 DNAPIS genes, 16 were identified to be involved in DNA 
processing. Six DNAPIS genes were shown to be required for normal initiation 
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and/or progression of pre-meiotic DNA replication. This includes DEFJ which was 
found to be required for efficient chromosome synapsis in meiosis. In addition, three 
genes (SOHJ, BRE5, and YGL250W) were found to be required for normal levels of 
meiotic gene conversion and one gene (YPLO] 7C) was required for accurate 
chromosome segregation during meiosis. 
Me 
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Table 1.1 Complexes and Proteins referenced during introduction 
Complex 
(Subunits) or Pathway Function (Figure reference) Section 
Human 
Protein  Homologue 
MBF Gi to mitotic 5- Transcription factor required for Gi to S-phase transmission. 
(Swi6-Mbpl) phase transition (Figure 1.6)  1.2 E2F-DP 
SBF Gi to mitotic 5- Transcription factor required for Gi to S-phase transmission. 
(Swi4-Swi6) phase transition (Figure 1.6)  1.2 E2F-DP 
C1n3-CDK Gi to S-phase Stimulates expression of MBF and SBF transcription factors. 
(C1n3-Cdc28) transition Stimulates SPB duplication. (Figure 1.6)  1.2 Various 
Clnl/2-CDKs Gi to S-phase Stimulates Sici degradation. Stimulates SPB duplication. 
(Clnl/2-Cdc28) transition (Figure 1.6)  1.2 Various 
C1b5/6-CDKs Gi to S-phase Inhibit SPB duplication following initial SPB duplication. 
(C1b5/6-Cdc28) transition C1b5-CDK stimulates the phosphorylation of Cdc6 a 1.2 Various 
component of the Pre-RC. (Figure 1.6)  
Gi to S-phase 
APC/C transition When bound to regulators, APC/C ubiquitinates proteins for 
(Apcl-5, Apc9- Metaphase to degradation. Degradation of these proteins is required to 1.2 APC/C 
11) anaphase stimulate cell cycle progression. (Figure 1.6 and 1.14) 
transition 
Sici Gi to S-phase Cyclin-B kinase inhibitor. Prevents premature S-phase. (Figure 
transition 1.6)  1.2 Various 
Imel Stimulation of the Primary transcription factor for the meiotic cell cycle. (Figure 
meiotic cell cycle 1.6)  1.2 - 
Ime2 
Gi to S-phase 
transition during Meiosis specific CDK that stimulates the degradation of Sic 1. 1.2 Various  (Figure 1.6)meiosis 
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Table 1.1 Complexes and Proteins referenced during introduction (Continued) 
Complex 
(Subunits) or Pathway Function (Figure reference) Section Human 
Protein  Homologue 
ORC 
DNA replication Pre-RC component, binds to ARS throughout cell cycle. 1.3 ORC (Orcl-6)  (Figure 1.7)  
Pre-RC component, required for recruitment of Cdtl and 
Cdc6 DNA replication Mcm2-7 to ARS. ATP activity required for loading of the 1.3 CDC6 
Mcm2-7 clamp. (Figure 1.7)  
Cdtl DNA replication Pre-RC component, required for recruitment of Mcm2-7 to 1.3 CDT1 ARS. (Figure 1.7)  
Mcm2-7 
DNA replication Pre-RC component, helicase required for unwinding DNA to 1.3 MCM2,4,6,7 (Mcm2-7)  initiate DNA replication. (Figure 1.7) 
DDK 
DNA replication Kinase complex required for phosphorylation of Mcm2-7 1.3 CDC7-DBF4 (Cdc7-Dbf4)  required for Pre-IC formation. (Figure 1.7)  
Required for the formation of the Pre-IC. Stabilises Mcm2-7 
Cdc45 DNA replication and GINS association with each other and the ARS. (Figure 1.3 CDC45L 
1.7)  
McmlO DNA replication Recruitment of Cdc45 for Pre-IC formation. Recruits Pol a 1.3 MCM10 during DNA replication. (Figure 1.7)  
S1d3 DNA replication Complex with McmlO, required for recruitment of Cdc45 for 1.3 Pre-IC formation. (Figure 1.7)  - 
GINS 
DNA replication Required for the formation of the Pre-IC. Stabilises Mcm2-7- 1.3 GINS (Psfl-3, S1d5)  Cdc45 interaction. (Figure 1.7)  
Dpbll-S1d2 DNA replication Required for the formation of the Rep-IC. Recruits Pol c during 1.3  DNA replication. (Figure 1.7) - ________  
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Table 1.1 Complexes and Proteins referenced during introduction (Continued) 
Complex 
(Subunits) or Pathway Function (Figure reference) Section Human 
Protein  Homologue 
DNA replication 
RP-A DNA repair Binds to ssDNA during DNA replication and upon DNA RP-A 
(Rfal-3) DNA damage. (Figure 1.7, 1.10 and 1.12) 1.3 
recombination 
Pol € DNA replication Required for the formation of the Rep-IC. Leading strand DNA 1.3 POL e (P012, Dpb2-4)  polymerase. (Figure 1.7)  
Pol a 
(Poll, Po112, DNA replication Required for the formation of the Rep-IC. Lagging strand POL a 1.3  
• Pril, Pri2)  primase and polymerase. (Figure 1.7) 
Pol ô 
(P013, Po13 1, DNA replication Required for DNA elongation. Lagging strand DNA 1.3  
POL 
P0132)  polymerase. (Figure 1.7) 
Required for DNA elongation. Sliding clamp required for 
DNA replication efficient activity of Pol 8 and possibly Pol F. (Figure 1.7). PCNA (Po130) 
DNA repair Required for maturation of Okazaki fragments and repair of 1.3 PCNA 
DNA flaps produced during DNA repair by binding to Dna2, 
Rad27 and Cdc9  
RFC 
DNA replication (Rfcl-5)  Loading of PCNA sliding clamp. (Figure 1.7) 1.3 RFC 
1FCCOIOrI 
(Ctfl 8, Rfc2-5, 
DNA replication 
Sister chromatid Required forunloading PCNA sliding clamp in regions of 1.3 RFC-CHTF 18 
Dccl, Ctf4) cohesion  cohesin loading during DNA elongation. (Figure 1.7) 1.4 
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Table 1.1 Complexes and Proteins referenced during introduction (Continued) 
Complex 
(Subunits) or Pathway Function (Figure reference) Section 
Human 





recombination Cohesion/linking between sister chromatids during mitosis. 
1.3 
1.4 Cohesin 




DNA repair DNA nuclease required for Okazaki fragment maturation and 




DNA repair Flap endonuclease cleaves flaps formed during Okazaki 




DNA repair DNA ligase required for joining DNA ends including mature 




recombination Cohesion/linking between sister chromatids and required for 1.3 
(Smcl, Smc3, 
Sister chromatid efficient recombination between homologues during meiosis. 1.4 Meiotic Cohesin 
Rec8, Scc3) 
cohesion (Figure 1.4 and 1.15) 1.5 
Mrcl-Csm3- DNA replication Required for replication fork stability during DNA replication 
Tofl DNA repair and upon replication fork stalling. 1.3 TIP IN-TIMELESS 
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Table 1.1 Complexes and Proteins referenced during introduction (Continued) 
Complex 
(Subunits) or Pathway Function (Figure reference) Section 
Human 
Protein  Homologue 
Rad53 
DNA damage 
Cell cycle arrest upon DNA damage or stalled replication forks. 1.3 Various checkpoint 
Pol 
DNA repair 
(Rev3 -Rev7)  Error prone translesion DNA synthesis. (Figure 1.9) 1.3 POL 
Pol 11 
DNA repair 
(Rad30)  Error prone translesion DNA synthesis. (Figure 1.9) 1.3 POL r 
Radl7-Mec3- DNA repair. . Alternative clamp toPCNA, required for DNA repair (Figure 1.3 - 
Ddcl  1.10 and 1.12) 1.4  
Clamp loading ofRadl7-Mec3-Ddcl DNA damage sliding 
DNA repair clamp in place of the PCNA sliding clamp. (Figure 1.10 and 1.3 RFC-RAD17 
1.12)  1.4 
RMX Recombination DNA damage repair during mitosis 	and 
(Rad50-Mrell- DNA repair meiosis. Tethers DSB ends and is required to signal the 1.4 
RAD50-MRE1 1- 
Xrs2) recruitment of downstream DNA repair proteins to the site of NBS 1 
DNA damage. (Figure 1.10 and 1.12)  
DNA damage checkpoint that stimulates cell cycle arrest via 
Tell DNA repair Rad53 phosphorylation. Phosphorylates histone H2AX ('y - 1.4 ATM 
H2AX) (Figure 1.10 and 1.12)  
DNA damage checkpoint, stimulated by the presence of 
Mecl DNA repair excessive RP-A. Arrests cell cycling by stimulating 1.4 ATR 
phosphorylation of Rad5 3. (Figure 1.10 and 1.12)  
y-H2AX DNA repair H2AX phosphorylation is required for efficient DNA repair. 1.4 H2AFX (Figure 1.10 and 1.12) 
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Table 1.1 Complexes and Proteins referenced during introduction (Continued) 
Complex 
(Subunits) or Pathway Function (Figure reference) Section 
Human 
Protein  Homologue 
Sae2/Coml DNA repair Recruitment of downstream recombination repair proteins 1.4 - including Rad52. (Figure 1.10 and 1.12) 
Tethers ssDNA from DSB ends required for Rad51-Rad55- 
Rad52 DNA repair Rad57 nucleoprotein recruitment to RP-A bound ssDNA. 1.4 RAD52 
(Figure 1.10 and 1.12)  
Rad5l DNA repair Replaces RP-A on ssDNA and is required for SET. (Figure 1.10 1.4 RAD51 and 1.12)  
Rad55-Rad57 DNA repair Required for loading ofRad5l onto ssDNA and SET. (Figure 1.4 RAD5 iLl! 1.10 and 1.12)  RAD51L3-XRCC3 
Rad54 DNA repair Chromatin remodelling to allow SET formation. (Figure 1.10 1.4 RAD54L and 1.12)  
Rdh54ITidl DNA repair Chromatin remodelling to allow SEI formation. (Figure 1.10 1.4 RAD54B and 1.12)  
Sgsl-Rmil- 
DNA repair Contracts dHJ and Top3 cuts one strand to result in NCO. 1.4 
BLM- TDRD3- 
Top3  Required for COi. (Figure 1.11 and 1.13)  TOP3A 
Srs2 DNA repair dHJ dissolution. Required for COi. (Figure 1.11 and 1.13) 1.4 - 
Spoil 
Meiotic Endonuclease that introduces DSBs during prophase I. (Figure 
1.4 recombination 1.12)  SPOil 
Merl 
Meiotic 
recombination Pre-mRNA splicing of REC107/MER2 1.4 - 
Mre2fNam8 
Meiotic 
recombination Pre-mRNA splicing of REC107/MER2 1.4 Various 
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Table 1.1 Complexes and Proteins referenced during introduction (Continued) 
Complex 
(Subunits) or Pathway Function (Figure reference) Section Human 
Protein  Homologue 
Mei4 
Meiotic Required for Spoil mediated DSBs during meiosis. (Figure 
1.4 - recombination 1.12)  
ReclO2 
Meiotic Required for Spoil mediated DSBs during meiosis. (Figure 
recombination 1.12)  1.4 - 
ReclO3/Ski8 
Meiotic Required for Spoil mediated DSBs during meiosis. (Figure 
1.4 Various recombination 1.12)  
ReclO4 
Meiotic Required for Spoil mediated DSBs during meiosis. (Figure 
1.4 recombination 1.12)  - 
ReclO7/Mer2 
Meiotic Phosphorylated by Cdc28, links cell cycle regulation with 
1.4 - recombination meiotic DSB formation. (Figure 1.12)  
Recll4 
Meiotic Required for Spoil mediated DSBs during meiosis. (Figure 
1.4 recombination 1.12)  - 
Dmcl 
Meiotic Replaces RP-A on ssDNA and is required for SET between 
recombination homologues during meiosis with Rad5 1. (Figure 1.12)  
1.4 DMC1• 
Meki -Redi -. Meiotic Tnhibits recombination between sister chromatids during HORMAD 1, 
Hopl recombination meiosis. (Figure 1.12) HORMAD2 (Hopi  1.4 
homologues only) 
Hop2-Mndl 
Meiotic stabilises the SET intermediate formed between homologues 
1.4 recombination during meiosis. (Figure 1.12)  PSMC3IP-MND1 
Mer3 Homologous Catalyses SET extension to form dHJ for processing to CO. 
recombination Required for COi. (Figure 1.13) 	 1  
1.4 Various 
Msh4-Msh5 Homologous Stabilises dHJs for processing to CO. Required for COi.. 
recombination (Figure 1.13) 1.4 MSH4-MSH5 
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Table 1.1 Complexes and Proteins referenced during introduction (Continued) 
Complex 
(Subunits) or Pathway Function (Figure reference) Section 
Human 
Protein  Homologue 
Zipi 
Meiotic Central element of the SC, required for stability of dHJ and 
1.4 - recombination processing to CO. Required for COi.  
Zip2 
Meiotic Component of the SC, required for stability of dHJ and 
1.4 - recombination processing to CO. Required for COi.  
Zip3 
Meiotic Component of the SC, required for stability of dHJ and 
1.4 recombination processing to CO. Required for COi.  
- 
Mus8l-Mms4 
Homologous Cleaves SEI to result in CO event. Does not influence COi. 
1.4 MUS81-EME1 recombination (Figure 1.13)  
Chromosome Detects and destabilises abnormal microtubule-kinetochore AURORAB- Ipl1-S1i15 attachments by phoshorylating Dami and Spc34 subunits of the 1.5 segregation 
Dami kinetochore complex. Triggers the SAC. (Figure 1.14)  INCENP 
Chromosome Component of the Dami kinetochore complex that binds to Dam! 
segregation microtubules. Phosphorylated by Ipll-Slil5 to stimulate 1.5 - 
dissociation of kinetochore from microtubules.  
Chromosome Component of the Dami kinetochore complex that binds to 
Spc34 microtubules. Phosphorylated by Ipll-S1115 to stimulate 1.5 - segregation 
dissociation of kinetochore from microtubules. 
MCC Binds to Cdc20 preventing it from binding to the APC/C. This 
(Mad2,Mad3, 




segregation ubiquitination and subsequent degradation of Pds I. (Figure BUB 1 B-BUB3 
1.14)  
Chromosome Cell-cycle regulated activator of APC/C, which is required for 
Cdc20 metaphase/anaphase transition; directs ubiquitination of mitotic 1.5 CDC20 segregation 
cyclins, Pdslp, and other anaphase inhibitors. (Figure 1.14)  
Me 
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Table 1.1 Complexes and Proteins referenced during introduction (Continued) 
Complex 
(Subunits) or Pathway Function (Figure reference) Section 
Human 
Protein  Homologue 
Pdsl 
Chromosome Binds to Espi to prevent premature chromosome segregation. 
1.5 SECURIN segregation (Figure 1.14)  
Espi 
Chromosome Cleaves the Sccl/Rec8 subunit of cohesin to stimulate 
1.5 SEPARASE segregation chromosome segregation. (Figure 1.14)  
Detects whether tension is present between sister chromatids 
Chromosome independently to Ipll-SlilS during ffietaphase. Stimulates the 
Sgol 
segregation SAC. Involved in protecting centromeric cohesion during 1.5 SGOL1 
meiosis by localising protein phosphatase 2A, PP2A7E to the 




segregation during PP2A7E.is required for dephosphorylation of Rec8 which 1.5 PP2A 
Pph2l/Pph22) meiosis  presumably counteracts phosphorylation by CdcS. 
Cdc5 
Chromosome 
segregation during Cdc5 Polo-like kinase phosphorylates Rec8 which is required 1.5 Various for cohesin cleavage during meiosis. meiosis 




segregation during Meiosis specific protein required for normal centromeric 1.5 localisation of Sgol during meiosis. - meiosis - 
1m13 Chromosome Outer kinetochore component required for normal centromeric 
segregation localisation of Sgo 1 during meiosis.  1.5 - 
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Table 1.1 Complexes and Proteins referenced during introduction (Continued) 
Complex 
(Subunits) or Pathway Function (Figure reference) Section 
Human 
Protein  Homologue 
Ch14 
Chromosome Outer kinetochore component required for normal centromeric 
1 5 - segregation localisation of Sgo 1 during meiosis. 
Monopolin Chromosome Required to prevent bi-orientation of sister kinetochores during 
(Maml-Csml- segregation during meiosis. Localise at the kinetochores between G2 and 1.5 - 
Lrs4) meiosis Metaphase I. (Figure 1.15) 
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CHAPTER TWO 
Materials and Methods 
2.1 Materials 
2.1.1 General ReaQents 
2.1.1.1 Chemicals 
Chemicals were purchased from the following sources, except where stated 
otherwise: Amersham, Fisher, Scotlab, and Sigma. 
2.1.1.2 Enzymes 
Restriction enzymes, DNA polymerases and other enzymes were purchased from the 
following sources unless otherwise stated; Epicentre Technologies, Gibco BRL, New 
England Biolabs (NEB), Pharmacia, Promega, QIAGEN, and Roche. 
2.1.1.3 Growth Reagents 
Reagents for all growth media were purchased from the following sources: Beta Lab, 
Difco Laboratories, Gibco BRL, Oxoid and Sigma. 
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2.1.1.4 Antibiotics 
Ampicillin and G418 sulphate were purchased from Beecham Research and Sigma 
respectively. 
2.1.2 Bacterial and Yeast Growth Media 
2.1.2.1 General Information 
All liquid growth media were autoclaved prior to use, and stored at room temperature. 
For solid media, 2% (w/v) agar was added prior to autoclaving. Solid media were 
stored at 4°C. 
2.1.2.2 Bacterial Media 
Table 2.1 Bacterial Media 
Medium 	 Components 
Luria-Broth (LB) 	 1% (w/v) Bacto-tryptone 
0.5% (w/v) Yeast extract 
0.5% (w/v) sodium chloride 
pH adjusted to 7.2 with sodium hydroxide 
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2.1.2.3 Yeast Media 




YPDA 	 2% (w/v) Bacto-peptone 
1% (w/v) Yeast extract 
2% (w/v) Glucose 
0.004% (w/v) Adenine sulphate 
YMM 	 0.67% (w/v) Yeast nitrogen base without amino acids 
2% (w/v) Glucose 
1 pellet of NaOH per 500m1 
GNA Pre-Sporulation 
	
5% (w/v) Glucose 
(for .BY4743 strains) 3% (w/v) Nutrient broth 
1% (w/v) Yeast extract 
Synthetic Complete (SC) 	0.67% (w/v) Yeast nitrogen base without amino acids 
2% (w/v) Glucose 
0.2% (w/v) drop-out powder (See Section 2.1.2.5) 
1% YPA Presporulation 
(for SKi strains) 
1% Potassium Acetate 
2% Peptone 
1% Yeast Extract 
pH = 7.0 
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2% YPA Presporulation 	2% (w/v) Potassium acetate 
(for W303 strains) 	2% (w/v) Peptone 
1% (w/v) Yeast extract 
pH = 7.0 
PSP2 Presporulation 	0.67% (w/v) Yeast nitrogen base without amino acids 
(for strains with plasmid 
containing 	auxotrophic 0.1% (w/v) Yeast extract 
marker for selection) 
1% (w/v) Potassium acetate 
50mM Potassium phthalate (pH = 5.0) 
(supplemented with amino acids as required) 
pH = 7.0 
BY Sporulation Liquid 	1% (w/v) Potassium acetate 
(for BY4743 strains) 0.005% (wlv) Zinc acetate 
(supplemented with amino acids as required) 
2% Sporulation Liquid 	2% (w/v) Potassium acetate 
(for SKi strains) 	pH = 7.0 
SpoVB Sporulation 	0.82% (w/v) Sodium acetate 
(solid media for SKi 0.19% (w/v) Potassium chloride strains) 
0.035% (w/v) Magnesium sulphate 
0.12% (w/v) Sodium chloride 
SpoEUF Sporulation 	2% (w/v) Potassium acetate 
(for W303 strains) 0.22% (w/v) Yeast extract 
0.05% (w/v) Raffinose 
(supplemented with amino acids as required) 
* For solid media, 2% (wlv) agar was added prior to antoclaving. 
74 
Chaøter Two: Materials and Methods 
2.1.2.4 Antibiotics 
Antibiotics were added to liquid media immediately prior to use, whereas for solid 
media antibiotics were added after autoclaving. Ampicillin powder was stored at 4°C, 
and G418 sulphate powder was stored at RT. 
Table 2.3 Antibiotics 
Medium 	Abbreviation 	Solvent 	Final concentration (tg/m1) 
Ampicillin 	 Amp 	H20 	 100 
G418 sulphate Kan 1120 500 
2.1.2.5 Drop-out powder 
Drop-out powders were prepared by adding the amino acids listed in Table 2.4. For a 
specific drop-out powder, the relevant nutrients were omitted. This mix was then 
ground with a mortar and pestle to ensure complete mixing and was added to yeast 
media to a final concentration of 0.13% (w/v). A base mix of amino acids not 
containing amino acids used for selection assays was prepared and other amino acids 
were added from liquid stocks. For selection of canavinine resistant yeast, a final 
concentration of 60 pg/ml canavinine was added to the drop-out media. Canavinine 
has structural similarities to arginine, so arginine was not added to any canavinine 
drop-out media. Media containing all amino acids listed in Table 2.4 is known as 
synthetic complete (SC) media. 
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Table 2.4 Nutrient Concentrations for Drop-out media 
Nutnent Final conc. in prepared 
media (g/ml) 
Adenine (hemisulfate salt) 40 
L-arginine (HC1) 20 
L-aspartic acid 100 
.L-glutamic acid 
(monosodium salt) 100 
L-histidine 20 
L-leucine 60 








Uracil 	 20 
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2.1.3 Commonly Used Buffers 
Table 2.5 Commonly Used Buffers 




Calcium Chloride Solution 
(Filter Sterile) 
0.4 M Tris-acetate, pH7.5 
20 mM EDTA 
0.1 M Tris-HC1, pH7.5 
10 mM EDTA 
0.9 M Tris-borate, pH8.3 
20 mM EDTA 




2.1.4 Escherichia coil Strains 
The bacterial strain DH5aF was utilised during this work its genotype is listed in 
Table 2.6 below. DH5aF' was used for all cloning procedures and propagation of 
plasmid DNA. 
Table 2.6 Escherichia coil Strains 
Strain 	Genotype 	 Source 
DH5a 	480dlacZAM15, t(lacZYA-argF) U169, deoR 	Gibco BRL 
recA 1, endA 1, hsdRl 7 (ri, mk), supE44, 7, thi- 1, 
gyrA96, re/Al. 
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2.1.5 Saccharomyces cerevisiae Parental Strains 
The parental strains used during this work are listed in Table 2.7. 
2.1.5.1 Nomenclature of Saccharomyces cerevisiae Parental Strains 
Accession numbers of the parental strains were assigned by giving each strain a 
unique letter (e.g. 'X') and a digit to describe its ploidy and mating type (i.e. for 
parental strain 'X', 'XO' = MATa haploid, 'Xl' = MATa haploid, 'X2' = 
MATa/Mata diploid). 
Table 2.7 Saccharomyces cerevisiae Parental Strains 
Accession Strain 	 Genotype 	 Source Number 	 - - - 
MATa/MAT a, his3A 1/his34 1, 
leu2AO/1eu240, BY4743 	Y2 	 EUROSCARF 
met15zl 0/MET] 5, L YS2/lys2A 0, 
ura3AO/ura3A0, hoAO 
F. Klein, 
SKi 	 FK2 	MATatMATa, HO 	 Chromosome Biology, 
Vienna, Austria 
MATa/MATa, HO, 
K8409 	 prom URA3::tetR::GFP-LEU2, 
(SKi K2 	tetOx224-URA3, REC8- 	
A. Toth, 
derivative) 	 HA 3:: URA3, ADE2, his3: :hisG, IMP, 
Vienna, Austria 
trp::hisG 
K4387 MATa/MATa, ho::LYS2, F. Klein, 
(SKi N2 	lys2AO, leu3::hisG, his4AO, Chromosome Biology, 
derivative) ura3AO, + pAS128 (proIMEl- Vienna, Austria lacZ) 
FK192 MATo spo]]::URA3, F. Klein, 
(SKi SO 	spo13: :hisG, leu2-3, Chromosome Biology, 
derivative) trp]::hisG, ura3-1 Vienna, Austria 
FK193 MATa, spo]1::URA3, F. Klein, 
(SKi Si 	spo13::hisG, leu2-3, Chromosome Biology, 
derivative) trpl::hisG, ura3-1 Vienna, Austria 
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Table 2.7 Saccharomyces cerevisiae Parental Strains 
Accession Strain 	 Genotype 	 Source Number 
EUF 153 	
MATa, his3-11, leu2-3, -112, 
rad5-G535R 	 ura3-1, trpl-2z1 	 R. Borts, 
(W303 	
RO 	ade2-1, adel::ADE2, canl-100, University 	of 
derivative) lys2-nde3 	 Leicester, England 
rad5-G535R 
EUF180 MATo his3-11, leu2-3, -112, 
R. Borts, rad5-G535R 
Ri 	URA3, trpl-2z1 University 	of (W303 ade2-1, ADEJ, CAN, lys2- 
Leicester, England derivative) nde5', rad5-G535R 
PKY 781 MATa, leu2-3, ura3-1, his3-11, P. Kaufman, 
(W303 P0 	trpl-1, ade2-1, canl-100, University 	of 
derivative) RAD5 California, USA 
PKY 782 MATa, leu2-3, ura3-1, his3- P. Kaufman, 
(W303 P1 	11, trpl-1, ade2-1, canl-100, University 	of 
derivative) RAD5 California, USA 
MATa, his3-11, leu2-3, ura3-1, 
EUF153 	 trpl-2z1 
(W303 E0 	ade2-1, adel::ADE2, canl-100, This work 
derivative) 	 lys2-nde3', 
RAD 5 
ETJF 180 	 MATo his3-11, leu2-3, URA3, 
(W303 E1 	trpl-2A 	 This work 
ade2-1, ADE1, CAN, lys2- derivative) 	
nde5', RAD 5 
R. Borts, 
Y55 2196 	A0 	MATa, adel-1 	 University 	of 
Leicester, England 
R. Borts, 
Y55 2367 	Al 	MATa, ade2-1 	 University 	of 
Leicester, England 
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2.1.6 Saccharomyces cerevisiae Deletion Strains 
All deletion mutants were created by homologous recombination using Kanamycin 
drug resistance cassettes that had arms of homology to the open reading frames that 
were replaced (see Section 2.2.4.2). Deletion mutants used during this work are listed 
in Table 2.8. 
2.1.6.1 Nomenclature of Saccharomyces cerevisiae Deletion Strains 
The method of accession number allocation for mutant strains created follows a 
numbering system developed by EUROSCARF, each gene mutation is allocated a 
specific four digit number which follows the parent strain number described in 
Section 2.1.5.1. 
To decipher between heterozygous and homozygous mutants of the same gene, 
heterozygous strains were given the two characters of the parental strain (e.g. 'X2') 
followed by the unique four digit gene deletion number (e.g. X20305). The 
homozygous mutant strains have the parental strain letter (e.g. 'X') followed by the 
number '3' and the unique four digit gene deletion number (e.g. X30305). 
Table 2.8 Saccharomyces cerevisiae KanR  Deletion Strains 
Gene Replaced 






YAL027W EUF153- BY4743 	K8409 EUF180- (0381) RAD5 RAD5 
YAL034C 
BY4743 	K8409 	EUF153- EUF180- (0374) R.AD5 
YBL031W EUF153- BY4743 	K8409 EUF180- 
(3057) 
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Table 2.8 Saccharomyces cerevisiae KanR  Deletion Strains (Continued) 
Gene Replaced 
(Gene number) Parent Strains 
YBRO25C 




(3233) pJ5+ RAD5 
YBRO95 C 
BY4743 K8409 EUF153- EUF18O- 
(3234) 
YBR125C 
BY4743 K8409 EUF153- EUF18O- 
(7163) RAD5 RAD5 
YBR129C 
BY4743 K8409 EUF153- EUF18O- 
(3268) 
YBR1 84W 
BY4743 K8409 EUF153- EUF18O- (3324) RAD5 RAD5 
YBR225W 
BY4743 K8409 EUF153- EUF18O- (3365) R.AD5 RAD5 
YBR231C 
BY4743 K8409 EUF153- EUF18O- (3371) RAD5 
YBR27OC 
BY4743 K8409 EUF153- EUF18O- (7168) RAD5 RAD5 
YDLO7OW 
BY4743 K8409 EUF153- EUF18O- (3767) 
YDLO74C 	BY4743 	K8409 	EUF153- 	EUF180- 
(3771) RAD5 RAD5 
SKi 	K4387 	FK192 	FK193 
YDL156W EUF153- BY4743 	K8409 EUF180- (3854) %J5 
YDL213C EUF153- BY4743 	K8409 EUF180- (3911) RAD5 RAD5 
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Table 2.8 Saccharomyces cerevisiae KanR  Deletion Strains (Continued) 
Gene Replaced 
(Gene number) Parent Strains 
YDRO14W 










BY4743 K8409 EUF153- EUF180- (3565) RAD5 RAD5 
YDR279W 
BY4743 K8409 EUF153- EUF18O- 
(3638) 
YDR289C 




YDR359C 	 RAD5 
(4196) 
SKi 	K4387 	FK192 	FK193 
YELO23 C 
BY4743 K8409 EUF153- EUF180- (0264) RAD5 
YERO41W 










BY4743 K8409 EUF153- EUF18O- (7279) RAD5 
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Table 2.8 Saccharomyces cerevisiae KanR  Deletion Strains (Continued) 
Gene Replaced 
(Gene number) 	 Parent Strains 
YGL066W 	BY4743 	K8409 	
EUF153- 	EUF180- 
(4433) 
SKi 	K4387 	FK192 	FK193 
YGL1 27C 
BY4743 K8409 EUF153- EUF180- (4494) 
YGL167C (1 - 












YGL168W(1-81 	BY4743 	K8409 	EUF153- 	EUF180- 

















(4697) RAD5 RAD5 
YGRO68C 
BY4743 K8409 BUF153- EUF18O- 
(4698) JJ5+  
YGRO71C 
BY4743 K8409 ETJF153- EUF18O- (4701) RAD5 RAD5 
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Table 2.8 Saccharomyces cerevisiae Kan ' Deletion Strains (Continued) 
Gene Replaced  
(Gene number) Parent Strains 
YGR1 34W 
BY4743 K8409 	EUF153- EUF18O- (6405) Jj\D5 j%J5 
BY4743 K8409 	EUF153- EUF180- YHL023C J5+ 
(0940) 
SKi K4387 	FK192 FK193 
YHRO33W 
BY4743 K8409 EUF153- EUF18O- (0996) JjSJJ5 
YHR100C 










BY4743 K8409 EUF153- EUF18O- (1376) j%J5 
BY4743 K8409 EUF153- EUF18O- YKL054C JJ5+ J4J5 
(4903) 
SKi K4387 FK192 FK193 
YKLO56C 
BY4743 K8409 EUF153- EUF18O- (4905) RAD5 
YKLO98W 
BY4743 K8409 EUF153- EUF18O- (4948) 
YKRO5 1W 
BY4743 K8409 EUF153- ELTF18O- (5122) RAD5 J%J5 
YKRO77W 
BY4743 K8409 EUF153- EUF18O- (5993) RAD5 
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Table 2.8 Saccharomyces cerevisiae KanR  Deletion Strains (Continued) 
Gene Replaced 
(Gene number) Parent Strains 
YLL049W 
BY4743 K8409 EUF153- EUF180- (6426) RJs]D5 
YLRO03C 
BY4743 K8409 EUF153- EUF180- (1558) RAD5 RAD5 
YLRO16C 
BY4743 K8409 EUF153- EUF180- (1571) RAD5 jD5 
YLR052W 
BY4743 K8409 EUF153- EUF180- (6441) RAD5 
YLR097C 
BY4743 K8409 EUF153- EUF180- (2708) •• %J5 
YLR125W 
BY4743 K8409 EUF153- EUF180- (2736) J5+  RjSJ5 
YLR224W 
BY4743 K8409 EUF153- EUF180- (4173) Jj\J5 
YLR247C 
BY4743 K8409 EUF153- EUF180- (5156) JfiJ5+ RA]J5 
YLR254C 
BY4743 K8409 EUF153- EUF180- (5163) Rj\D5 R.AD5 
YLR315W 
BY4743 K8409 EUF153- EUF180- (5224) JJ5+  
YLR320W 
BY4743 K8409 ETJF153- EUF180- (5229) RAD5 RD5 
YLR376C 
BY4743 K8409 EUF153- EUF180- (5285) j%J5 
YLR392C 
BY4743 K8409 EUF153- EUF180- (5301) RAD5 
YLR413W 
BY4743 K8409 EUF153- EUFI8O- (5321) J5+  RfiJ5 
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Table 2.8 Saccharomyces cerevisiae KanR  Deletion Strains (Continued) 
Gene Replaced 
(Gene number) Parent Strains 
YLR43 7C 
BY4743 K8409 EUF153- EUF18O- (6040) 
YMR147W 












BY4743 K8409 EUF153- EUF18O- (0819) RAD5 4J5 
YNLO94W 
BY4743 K8409 EUF153- EUF18O- (2982) RAD5 
YNL133C 
BY4743 K8409 EUF153- EUF18O- (2943) 
YNL157W 
BY4743 K8409 EUF153- EUF18O- (2055) 
YNL215W 
BY4743 K8409 EUF153- EUF18O- (1997) RjJ5+  
YNL288W 
BY4743 K8409 EUF153- EUF18O- (1156) RAD5 
YNRO51C 
BY4743 K8409 EUF153- EUF18O- (6078) pfiJ5 
YOR22OW 
BY4743 K8409 EUF153- EUF180- (2476) 1JJ5+  
YPLO17C 
BY4743 K8409 EUF153- EUF18O- (7339) RAD5 
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Table 2.8 Saccharomyces cerevisiae Kan' Deletion Strains (Continued) 
Gene Replaced 
(Gene number) 	 Parent Strains 




SKi 	K4387 	FK192 	FK193 
YPL095C 
BY4743 K8409 EUF153- EUF180- (2157) RAD5 J\j5+ 
YPR045C 
BY4743 K8409 EUF153- EUF180- (5464) RAD5 RAD5 
YPR152C 
BY4743 K8409 EUF153- EUF180- (5567) R.AD5 
YPR179C 
BY4743 K8409 EUF153- EUF180- (5594) RAD5 
YGL249W / ZIP2 
BY4743 K8409 EUF153- EUF180- (4616) JD5 
YIL132C/CSM2 
BY4743 K8409 EUF153- EUF180- (2291) j%J5 
YLR329W/ 
REC104 BY4743 K8409 BUF153- EUF180- 
(5238) RfiJ5 pJ5+ 
YMRO48W / 
CSM3 BY4743 K8409 EUF153- EIJF180- 
(6740) RAD5 
YTVIR133W / 
REC114 BY4743 K8409 EUF153- EUF180- 
(6574) RAD5 
YPL200W/CSM4 
BY4743 K8409 EUF153- EUF180-  (1092) RAD5 
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2.1.7 Oliqonucleotides 
Oligonucleotides that were specifically referenced within this report are listed in 
Table 2.9 below all other oligonucleotides are listed in Appendix 1. All 
oligonucleotides were synthesized by and purchased from MWG Biotech. 
Table 2.9 Specifically Referenced Oligonucleotides 
Name 	Sequence (5'-3') 	 Description 
Used to check presence of 
KanB 	CTGCAGCGAGGAGCCGTAAT KanMX4 cassette of deletion 
strains of via PCR. 
Used to check presence of 
TGATTTTGATGACGAGCGTA KanMX4 cassette of deletion KanC 	AT 	
strains of via PCR. 
TRP_A 	AGAGACCAATCAGTAAAAAT Used to check the nature of the 
CAACG 	 mutation of the TRPJ gene. 
TRPB 	AACACCAATAACGCCATTTA Used to check the nature of the 
ATCTA 	 mutation of the TRPJ gene. 
TRP_D 	GCGAAAAGACGATAAATACA Used to check the nature of the 
AGAAA 	 mutation of the TRPJ gene. 
Used to check RAD5 for TGATAAACCCATTATGGAAG RD5F 	
C 	




Used to check RAD5 for 
mutation (McDonald et al., 
1997). 
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Table 2.9 General and Cloning Oligonucleotides (Continued) 



























Used for primary PCR of 
KanMX4 cassette that replaces 
1-2,233 bp of YGLI67C to 
avoid overlap with YGL168W 
on opposing strand. 
Used for primary PCR of 
KanMX4 cassette that replaces 
1-2,233 bp of YGL167C to 
avoid overlap with YGLJ68W 
on opposing strand. 
Used for secondary PCR of 
KanMX4 cassette that replaces 
1-2,233 bp of YGL167C to 
avoid overlap with YGLJ68W 
on opposing strand. 
Used for secondary PCR of 
KanMX4 cassette that replaces 
1-2,233 bp of YGL167C to 
avoid overlap with YGL168W 
on opposing strand. 
Used for ORF replacement of 
YGL167C with KanMX4. 
Replacement overlaps with 
152-333 bp of YGL168W on 
opposing strand. 
Used for ORF replacement of 
YGL167C with KanMX4. 
Replacement overlaps with 
152-333 bp of YGLJ68W on 
opposing strand. 
YGL1 67C_F TTCCCTAGGCCATCGTACAC 
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Table 2.9 General and Cloning Oligonucleotides (Continued) 



























Used for primary PCR of 
KanMX4 cassette that replaces 
1-81 bp of YGL168Wto avoid 
overlap with YGL167C on 
opposing strand. 
Used for primary PCR of 
KanMX4 cassette that replaces 
1-81 bp of YGLJ68Wto avoid 
overlap with YGL167C on 
opposing strand. 
Used for secondary PCR of 
KanMX4 cassette that replaces 
1-81 bp of YGL168Wto avoid 
overlap with YGL167C on 
opposing strand. 
Used for secondary PCR of 
KanMX4 cassette that replaces 
1-81 bp of YGLJ68Wtoavoid 
overlap with YGL167C on 
opposing strand. 
Used for ORF replacement of 
YGLJ68W with KanMX4. 
Replacement overlaps with 
2,672-2,853 bp of YGL167C 
on opposing strand. 
YGL1 67C_A 
YGL1 67C_B 
YGL 1 67C_D 
CCCTAGATAACCACTTAACA Used to check deletion strains 
GCAAA 	 of YGL167C via PCR. 
CAGTGTCCAGTTTTTCTAGAG Used to check deletion strains 
CTTC 	 of YGL]67C via PCR. 
TTTGTCGAAGGTATAAATGA Used to check deletion strains 
GGAAG 	 of YGL167C via PCR. 
ChaDter Two: Materials and Methods 
Table 2.9 General and Cloning Oligonucleotides (Continued) 
Name 	Sequence (5'-3') 
	
Description 
Used for ORF replacement of 
YGLJ68W with KanMX4. 
YGL168WR TTGGCCTGCAGACATAACAC Replacement overlaps with 
2,672-2,853 bp of YGL167C 
on opposing strand. 
YGL1 68W_A TTTTTCTTCGAAAACTTTCAT Used to check deletion strains 
CATC 	 of YGL168Wvia PCR. 
YGL1 68W_B ATGTTTGATATGTCACATTTT Used to check deletion strains 
GTGC 	 of YGLJ68 W via PCR. 
YGL1 68W_D GTAATGAAACGTTTACTAAC Used to check deletion strains 
CACCG 	 of YGLJ68 W via PCR. 
2.1.8 Antisera 
The antisera used in this study are described in Table 2.10 below. 
Table 2.10 Antisera 
Antibody 	Description 	 Reference 
Mouse monoclonal antibody raised against the 
Anti-HA 	Haemagglutinin HA-i protein epitope of the 
Ralph Hess (16B12) influenza virus. Used as a primary antibody at 
1:1600 dilution for cytology. 
Rabbit polyclonal antibodies raised against the 
Anti-Zip 1- affinity purified Zipi protein of Saccharomyces 
GST cerevisiae fused to GST fusion protein using a Eurogentec 
GSTrap FF colunm (Amersham Biosciences). as- a 
primary antibody at 1:50 dilution for cytology 
Anti- 	Goat polyclonal antibodies raised against mouse Jackson 
antibodies and covalently linked to CY3. Used as a mouse-CY3 	 Scientific secondary antibody at 1:100 for cytology. 
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Table 2.10 Antisera (Continued) 
Antibody 	Description 	 Reference 
Anti-rabbit- Goat polyclonal antibodies raised against rabbit 
FITC 
	
	antibodies and covalently linked to FITC. Used as a Sigma 
secondary antibody at 1:100 for cytology. 
2.1.9 Plasmids 
The plasmids used during this work are listed in Table 2.11. 
Table 2.11 Plasmids used 
Plasmid 	Features 
pFA6a- 	S. cerevisiae-E. coli shuttle vector 
KanMX4 2-jtm CEN, MCS, AmpR, KanR 
Source 
(Wach et al., 
1994) 
S. cerevisiae-E. coli shuttle vector 
AS128 	2-pm CEN, MCS, Amp', URA3, 5' upstream (Shefer-Vaida p 	 region of IME] extended to -4.2 kb and fused in et al., 1995) 
frame to the lacZ gene. 
2.2 Microbiological Methods 
2.2.1 Growth of Strains 
2.2.1.1 Growth of Escherichia coil 
E. coli strains were routinely grown at 37°C in LB medium (Table 2.1). To select or 
maintain selection for plasmid DNA, the transformed bacteria were grown in 
medium containing the appropriate, antibiotic (Table 2.3). 
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2.2.1.2 Growth of Saccharomyces cerevisiae 
Unless otherwise stated, yeast strains were grown at 30°C in YPDA medium (Table 
2.2). To maintain selection for plasmid DNA, andlor for auxotrophic markers 
inserted on the genome, cells were grown in the appropriate drop-out medium or in 
YMM medium (Table 2.2) supplemented with appropriate nutrients (Section 2.1.2.5). 
2.2.2 Preservation of Strains 
2.2.2.1 Preservation of Escherichia coil 
E. coli strains were stored for short period of time on solid medium at 4°C. Strains 
were stored permanently at -70°C in 30% (v/v) glycerol. One milliliter of cell culture 
was spin-down and resuspended with one milliliter of 30% glycerol. 
2.2.2.2 Preservation of Saccharomyces cerevisiae 
Yeast strains were stored for up to two months on solid medium at 4°C. Strains were 
stored permanently at -70°C in 30% (v/v) glycerol. Yeast cells were grown to mid-
logarithmic phase. One milliliter of cell culture was spun down, resuspended with 
one milliliter of 60% glycerol. 
2.2.3 Transformation of Escherichia coil 
2.2.3.1 Preparation of Chemically-competent Cells 
E coli DH5xF' (Table 2.6) cells were grown overnight on solid medium. Then a 
single colony was inoculated in 5 ml LB medium and grown at 37°C for overnight. 
Following this, 0.5 ml of this starting culture was inoculated into 50 ml LB medium. 
Then incubated at 37°C until the 0D6 00 was approximately 0.4. The culture was 
transferred to a sterile Falcon tube and held on ice for 15 minutes. Cells were spun 
down in a cooled centrifuge (4 °C) at 3500 rpm for 10 minutes, and washed twice in 
10 ml CaC12 solution (Table 2.5) then suspended in 4 ml of CaC1 2 solution left on ice 
for 3-4 hours. The competent cells were transferred in 200 tl aliquots to pre-chilled 
Eppendorf tubes and stored until required for use at -70°C. 
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2.2.3.2 Transformation of Chemically-competent Cells 
Aliquots of competent cells were thawed on ice, up to 50 p1 was transferred to a 1.5 
ml tube and 1-2 p1 of DNA was added for each transformation. The tube was left on 
ice for 30 minutes before being transferred to 42°C for 2 min and then incubated 
again on ice for a further 10 minutes. 900 p1 of LB media (Table 2.1) was then added 
and the cells were incubated at 37°C for 1 hour. The cellswere then placed on petri 
dishes (plates) containing solid LB medium and the suitable antibiotic. The plates 
were placed at 37°C overnight to produce visible colonies. 
2.2.4 Transformation of Saccharomyces cerevisiae 
Yeast cells were transformed using a method formulated from two research papers 
(Baudin et al., 1993; Gietz and Woods, 2002). 
2.2.4.1 Standard Saccharomyces cerevisiae Transformation 
A single colony of the yeast strain to be transformed was inoculated into 10 ml of 
YPDA medium and grown at 30°C overnight. The following day, the cells were 
diluted into 50 ml YPDA to an 0D 600 of 0.1 and incubated at 3 0°C. Upon reaching 
an 0D600 of 1.0, cells were harvested by centrifugation at 3500 rpm for 5 minutes 
(MSE Mistral 1000 centrifuge, RT), and washed once in 10 ml of sterile water. Cells 
were resuspended in 1 ml of 100 mM LiAc and transferred into an Eppendorf tube. 
Cells were pelleted by centrifugation in a microcentrifüge. Cells were finally 
resuspended in 250 p1 of 100 mM LiAc. 50 p1 of cell suspension was mixed with 
approximately 1 jig of transforming DNA and 50 jig of salmon sperm DNA (Gibco 
BRL, incubated at 95°C for 10 minutes prior to use). 240 p1 of 50 % (w/v) PEG 3 350 
and 36 p1 of 1 M Lithium acetate, and 18 p1 of sterile water were added, mixed well 
and incubated at 30°C for 30 minutes. Following this, cells were heat-shocked at 
42°C for 15 minutes, then sedimented at 14000 rpm for 5 seconds and the 
supernatant was discarded. For transformations involving auxotrophic marker 
selection, the cell pellet was resuspended in sterile water and plated onto appropriate 
solid medium to select for transformants. For transformations involving Kanamycin 
resistance selection, the pellet was resuspended in 1 ml of YPDA and transferred to 
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15 ml glass tubes and incubated at 30°C for 3-4 hours to allow recombination and 
expression of the Kanamycin resistance gene. The culture was then plated onto 
YPDA plates containing G418 sulphate (Table 2.3) to select for transformants. Plates 
were incubated at 30°C for 2-3 days. 
2.2.4.2 ORF Replacement in Saccharomyces cerevisiae 
The primers were designed so that the final PCR (Section 2.3.2.5) product would 
contain a selectable marker (K4NMX4) and would be flanked at both ends by 45 - 
200 bp of sequence identical to the DNA immediately 5' and 3' to the coding 
sequence to be replaced by homologous recombination. The PCR product was 
purified (Section 2.3.1) and the relevant strain was transformed (Section 2.2.4.1). 
Colonies growing on the appropriate selective plates were re-streaked onto fresh 
solid medium and the integration was investigated using PCR. 
2.2.5 Mitotic Assessment of Saccharomyces core visiae 
2.2.5.1 Growth Curves 
Cells were grown in liquid medium to mid-logarithmic phase at 3 0°C. Then aliquots 
of cultures were to inoculate medium to an 0D 600 of 0.1. Cultures were then 
incubated at 30°C with the growth rate monitored by measuring the 0D60 0 at regular 
intervals. 
2.2.5.2 Alpha Factor Cell Synchronisation 
Overnight cultures of Mating type 'a' (MATa) strains were prepared and grown to an 
0D600 of 0.8 or less (1.8x10 7 cells/mi). The culture was then diluted to an 0D600 of 
0.2(0.3 x107 cells/mi) in 50 ml and grown until the culture reached an 0D 600 of 0.25 
(0.4 x10 7  cells/mi). Then a—factor (Sigma) at a concentration of 4-5 g/m1 was added 
to the culture and grown for 90 to 120 minutes. Gi cell cycle arrest is monitored by 
phase contrast microscopy and successful synchrony was detected when cells were 
either unbudding single cells or dublet cells with well formed septa between them. 
The cultures were then harvested at 3500 rpm washed once with YPDA then 
resuspended in 50 ml YPDA. 2 ml samples were taken every 5 minutes for the first 
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30 minutes then every 10 minutes for the next 60 minutes. The samples were 
immediately spun down at top speed in a bench top centrifuge and resuspended in 1 
ml of 70 % ethanol. Using light microscopy, the budding index was calculated to 
assess the synchrony of the culture and DNA replication was analysed via FACS 
(fluorescent-activated cell sorting, Section 2.3.3). 
2.2.5.3 Hydroxyurea, MMS and X-ray Sensitivity Tests 
Overnight cultures were of the desired strains were prepared and used to set up 5 ml 
cultures with an 0D 600 of 0.1 that were incubated at 3 0°C. Upon reaching an OD600  
of 1.5-2.0, serial dilutions from 102  to 10 were spotted onto a control YPDA, and a 
YPDA plate exposed to 40 min of 120 kVp X-ray (Torrex cabinet X-ray system, 
Faxitron X-ray Corporation), YPDA + 100mM HU and YPDA + 0.035% MMS (vlv) 
plates and were left to grow for 3-4 days at 30 °C. 
2.2.6 Meiotic Assessment of Saccharomyces cerevisiae 
2.2.6.1 Isolation of Diploid Saccharomyces cerevisiae 
Cells of mating type 'a' and 'a' were mixed together in sterile water then plated onto 
YPDA plates and incubated for 3-4 hours at 30 °C. Mating cells take on a zygote 
morphology that looks like a 'Mexican sombero'. The zygotes were isolated using a 
Singer MSM series 100 micromanipulator (Singer Scientific). Dipoid isolates were 
incubated at 30°C for 2-4 days. 
Yeast strains that had a functional HO endonuclease (Table 2.7) were able to switch 
mating type during vegetative growth, therefore diploid isolates formed naturally 
following tetrad dissection. 
2.2.6.2 Sporulation on Solid Media 
Diploid yeast cells of the strain to be sporulated were grown on YPDA or selective 
solid medium (Table 2.2). All diploid strains of W303 background were plated onto 
SpoELJF solid sporulation medium (Table 2.2) and all diploid strains of SKi 
background were plated onto SpoVB solid sporulation medium (Table 2.2). Plates 
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were incubated at 30°C to induce sporulation. Strains on SpoEUF plates were 
incubated for three to five days and strains on Sp0VB plates were incubated for 1 to 
two days. Sporulation cultures were examined using light microscopy to determine 
the sporulation efficiency. 
2.2.6.3 Sporulation in Liquid Medium 
W303 strains to be sporulated were grown on YPDA (Table 2.2). A colony of cells 
was transferred to 4 ml of YPA media in a 15-mi glass tube and grown for 18 hours 
at 30°C. Cells were spun down at 200 rpm for 4 minutes and the YPA media was 
aspirated and replaced with 4 ml of SpoEUF sporulation medium (Table 2.2) 
supplemented with the nutrients required for growth of the diploid strain. Cultures 
were incubated in a rotor for three to five days at 30 0C to induce sporulation. 
Sporulation cultures were examined using light microscopy to determine the 
sporulation efficiency. 
2.2.6.4 Synchronous Sporulation of Saccharomyces cerevisiae in Liquid 
Medium 
For synchronous sporulation of SKi strains, a colony from a YPDA plate was grown 
overnight in 25 ml of YPDA liquid media. A fresh 25 ml YPDA culture was then set 
up by diluting the overnight to an 0D 600 of between 0.1 and 0.2 and grown for 8 
hours. After 8 hours the 0D 600 of the YPDA culture was assessed and the volume of 
culture calculated to give an 0D 600 of between 0.275 and 0.325 (- 0.5x10 7 cells/mi) 
was harvested and the cells were inoculated in 50 ml of YPA and grown for 13.5 
hours. The cells of the YPA culture were then assessed for 0D 600 and budding index 
and if the culture had an 0D 600 of 1.0 to 1.2 (4x107 cells/mi) and there were >85% 
cells that are large and non-budding cells the culture was washed with and 
transferred to 50 ml of 2% Potassium Acetate which induces sporulation. To assess 
the synchrony of the sporulation culture by fluorescence microscopy; the meiotic 
nuclear divisions were visualised via DAPI staining (Section 2.4.5). DNA replication 
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was analysed via FACS (Section 2.3.3) and chromatid cohesion and synaptonemal 
complex formation was assessed via immunocytology (Section 2.4.6 and 2.5.1) 
2.2.6.5 Synchronous Sporulation of a Saccharomyces cerevisiae Strain 
Harbouring pASI28 
SKi strains transformed with pAS 128 (Table 2.11) were grown overnight in 25 ml of 
SC-URA. Using the overnight, a 50 ml SKi culture in SC-URA was then set up with 
a starting 0D 600 between 0.3 and 0.35 (-j 0.5 x 107 cells/ml). This culture was grown 
for 8 to 12 hours (depending on strain) to an 0D600 of 1.0 to 1.2 (4x 107  cells/ml). 
From this, a culture using PSP2 was then prepared with a starting 0D600 of between 
0.3 and 0.4 and was incubated at 30 °C for 13-15 hours (depending on strain). The 
cells were then harvested washed in 2% Potassium Acetate and resuspended in 50 ml 
of 2% Potassium Acetate. Samples of 2 ml were taken from the cultures and 
processed for assessment of f3—galactosidase production levels (Section 2.5.2). The 
lacZ reporter gene is under the control of the IMEJ promoter in pAS 128. IMEJ 
encodes a transcription factor that is required for the expression of genes required for 
early meiotic events (Shefer-Vaida et al., 1995), therefore 13—galactosidase will be 
synthesised when meiosis is induced. 
2.2.6.6 Tetrad Dissection 
Upon successful sporulation and tetrad formation, a small sample of cells from the 
sporulation plate or culture were resuspended in 100 p.1 of sterile 1M Sorbitol. 0.6 p.1 
of Zymolyase (50 units/p.l stock solution, Zymo Research) was added into this 
suspension, mixed gently and incubated at RT for 5-10 minutes. Upon successful 
tetrad ascus digestion, 1 ml of sterile distilled water was added drop-wise using a 
Pasteur pipette and incubated on ice for 10 minutes. One ml was then gently removed 
and 10 p.1 of the the cell suspension was streaked onto solid YPDA plate (Table 2.2). 
Tetrads were dissected using a Singer MSM series 100 micromanipulator (Singer 
Scientific). After dissection, spores were incubated at 30°C for 2-4 days. 
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2.2.6.7 Hydrophobic Spore Isolation for Saccharomyces cerevisiae 
The cell concentration and sporulation efficiency of W303 strains sporulated in 
liquid or on plates for 3-5 days was calculated. The cells were harvested by 
centrifugation in a microcentrifuge (10 seconds), resuspended at a concentration of 
approximately 5 x 108  cells/mi in a solution containing 250 units of Zymolyase (50 
units/pA stock solution, Zymo Research), and incubated at 30°C for 60 minutes until 
the ascus wails were digested. Cells were centrifuged at 1400g for 30 seconds in 1.5-
ml polypropylene microcentrifuge tubes. The supernatant was discarded, and the 
cells were resuspended in imi of water, centrifuged, and resuspended in 100 pA of 
water. Each tube was then agitated for approximately 2 minutes in an upright 
position, using a Vortex mixer at maximum speed. During this treatment, the spores 
clump together and stick to the wails of the tubes, due to hydrophobicity. Vegetative 
cells do not accumulate on the walls of the tubes and were removed by discarding the 
aqueous cell suspension and rinsing the tube several times with water. The spores 
were then resuspended by adding 1 ml of 0.01% Nonidet P-40 (Sigma) and 
sonicating on ice for 3 x 45 seconds, using a Soniprep 150 (MSE) equipped with a 
microtip. 
2.2.6.8 Analysis of Meiotic Gene Conversion and Meiosis I Nondisjunction 
Cultures were assessed for cell concentration and sporulation efficiency. For initial 
screening of the E153 RAD5 x E180 RAD5 W303 strains sporulation cultures were 
concentrated to have 5 xl 08  tetrads/ml and serial diultions from 1 4  to 1 06  were 
prepared. Selected dilutions were spotted onto YPD, SC-ARG-l-CAN, SC-ADE-
ARG+CAN, SC-LYS-ARG+CAN and SC-LYS (See Table 2.12). Plates were 
incubated for 3-4 days at 30 °C. 
Using the spore isolation method described in Section 2.2.6.7 A more detailed 
random spore analysis of selected E153 RAD5 x E180 RAD5 W303 strains was 
performed. Selected dilutions were spread onto YPD, SC-ARG+CAN, SC-ADE-
ARG+CAN and SC-LYS-ARG+CAN (see Table 2.12). 
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Canavanine (CAN) was used in all of the meiotic assays to select for haploid 
products and against unsporulated diploids. The diploid parent strain contains both 
Canavanine sensitive and resistance genes; the CANS  gene is the dominant allele and 
causes cell death. 
Table 2.12: Dilutions used for EUF Meiotic Assays 
Plate condition 	 Spot test 	Random spore analysis * 
YPD 	 1 06  to 1 o 	 1 o 
SC-ARG-i-CAN 	 106 to 10 	 io 
SC-ADE-ARG±CAN 	10 to 10.i 	 10 1 
SC-LYS-ARG+CAN 	iO to 10 1 	 10 1 
SC-LYS 	 101 to 10' 	 10' 
* Dilutions given here were used for wild type analysis, however for some mutants 
100 samples were used for the SC-LYS-ARG+CAN and SC-LYS plates. 
2.3 Nucleic Acid Methods 
2.3.1 General Methods 
2.3.1.1 Phenol/chloroform Extraction 
Nucleic acids were purified away from protein in an aqueous solution by adding an 
equal volume of phenol: chloroform: isoamyl alcohol (25:24:1), vortexing for 10 
seconds and centrifuging at 14000 rpm for 10 minutes. The upper, aqueous, phase 
containing the nucleic acid was removed to a fresh tube. 
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2.3.1.2 Precipitation of Nucleic Acid 
Nucleic acids were precipitated from solution by adding 2 volumes of ethanol and 
0.1 volumes of 3 M sodium acetate (pH 5.2). This was incubated at -20°C for 30 
minutes. Nucleic acids were than pelleted by 14000 rpm centrifugation for 30 
minutes at 4°C, and the pellet washed in 70% (v/v) ethanol. The pellet was then dried 
and resuspended in an appropriated volume of distilled water. 
2.3.2 DNA Methods 
2.3.2.1 Small Scale Preparation of Plasmid DNA by Spin Column 
Plasmid DNA was prepared using the QlAprep spin miniprep kit (Qiagen), following 
the manufacturer's instructions. DNA was extracted from 1.5 ml of E. coli culture 
grown to stationary phase, eluted in 30 jil of distilled water and stored at -20°C. 
2.3.2.2 Large Scale Preparation of Plasmid DNA by Filtration Column 
Plasmid DNA was prepared using the QIAfilter midiprep kit (Qiagen), following the 
manufacturer's instructions. DNA was extracted from lOOml of E. coil culture grown 
to stationary phase, eluted in 500 pJ of distilled water and stored at -20°C. 
2.3.2.3 Saccharomyces cerevisiae Genomic DNA preparation 
Yeast genomic DNA was prepared using the method of Hoffman and Winston 
(Hoffman and Winston, 1987). A single colony of a yeast strain was inoculated in 10 
ml of the appropriate medium (Table 2.2), and incubated at 30°C overnight. Cells 
were harvested by centrifugation at 3500 rpm for 5 minutes at room temperature 
(RT), and washed with 10 ml of sterile water. Cells were then resuspended in 1 ml of 
water and transferred into a 1.5 ml tube, and pelleted at 4000 rpm for 10 seconds. 
200 pJ of glass beads (0.5mm, Biospec Products Inc.), 200 tl of lysis buffer, and 200 
j.il of phenol: chroroform: isoamyl alcohol (25:24:1) were added. The mixture was 
vortexed for 4 minutes. After this, 200 jti of sterile water was added. The tube was 
then centrifuged at 14000 rpm for 5 minutes (RT). The upper phase was removed 
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into a new tube and the nucleic acid precipitated and dried (Section 2.3.1.2). For a 
yeast genomic DNA preparation, the pellet was resuspended in 100 il of distilled 
water. Typically, a yield of approximately 0.2 p.g /pi was obtained. 
Lysis Buffer: 
10 mM Tris-HC1, pH 6.8 
1% (w/v) SDS 
1 mM EDTA 
100 mMNaC1 
2% (v/v) Triton X-100 
2.3.2.4 Restriction Digestion of DNA 
Restriction endonuclease digestion of DNA was typically performed in volumes of 
20 t1. These contained the required quantity of DNA and the appropriate buffer 
(supplied and recommended by the manufacturer) at Xl concentration. Two units of 
restriction enzyme in question were added to the digestion mix that were incubated 
for the appropriate time and at the temperature recommended by the supplier; 
typically 1-4 hours. The products of the digestion were analysed by agarose gel 
electrophoresis (Section 2.3.2.8). 
2.3.2.5 Amplification of DNA by the Polymerase Chain Reaction (PCR) 
Specific regions of DNA were amplified using the polymerase chain reaction (PCR). 
Template DNA was either approximately 1 tg of plasmid DNA or yeast genomic 
DNA. Primers designed using Primer3 (http ://frodo.wi .mit.edulcgi-
binlprimer3/primer3_www.cgi) were manufactured commercially (MWG Biotech). 
A typical PCR reaction was as follows: 
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X10 Polymerase Buffer (MgCl2 plus*) 5 pl 
10 mM dNTPs (dATP, dCTP, dTTP, dGTP) 5 jil 
Oligonucleotide primer 1 (10 pmol4tl) 3 lal 
Oligonucleotide primer 2 (10 pmollpi) 3 j.il 
Template DNA (10 ng/tl) 1 	.t1 
DNA polymerase (2 U/pi) 0.5 p1 
Sterile distilled water 32.5 	tl 
MgCl2 concentrations were adjusted as required to optimise reaction conditions. 
PCRs were carried out in a PCR Express Gradient Cycler (Hybaid) programmed 
according to the length of the desired product and the annealing temperature of the 
oligonucleotide primers being used. 
A typical cycling program is show below: 
30 cycles of stepl-step3: 
Step 1 	Denaturation 	 94°C for 20 seconds 
Step2 	Primer Annealing 	40-65°C for 1 minute 
Step 3 	Extension 	 72°C for 1 minute# 
Step 3 	Final Extension 	 72°C for 10 minutes 
# This time was extended by one minute for every kb over 1kb of the length of the 
desired product. 
2.3.2.6 PCR from Saccharomyces cerevisiae Colonies 
Using a yellow 200 jl tip a small portion of a colony (1mm 3) was resuspended in 50 
A l of distilled water containing 0.2 1AI of Zyomolyase and incubated for 30 minutes at 
37°C. The cell suspension was then incubated at 95 °C for 10 minutes and then placed 
on ice. 1 itl of this suspension was used in a 25 p1 PCR reaction. 
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2.3.2.7 Purification of PCR Products 
DNA fragments generated by PCR (Section 2.3.2.5) were purified from 
oligonucleotide primers, unincorporated nucleotides, polyinerases and salts using the 
PhenollChloroform extraction (Section 2.3.1.1) and nucleic acid precipitation 
(Section 2.3.1.2) methods described above. 
2.3.2.8 Agarose Gel Electrophoresis 
DNA fragments produced either by restriction endonuclease digestion (Section 
2.3.2.4) or generated by PCR (Section 2.3.2.5) were analysed typically in 0.9-1.2% 
(w/v) agarose gels. Gels were prepared by melting agrose in 100 ml of Xl TAE 
buffer (Table 2.5), pouring the melted agarose into a gel mould and placing a comb 
into the agarose to make wells for the DNA samples. Glycerol (50%) was added to 
the DNA samples and then they were loaded directly into the wells of the gel. 
Between 90 and 150 volts was supplied across the gel so that the DNA fragments 
separated with respect to size. The DNA in the gel could be visualized using a UV 
transilluminator following staining with ethidium bromide. DNA markers of known 
molecular size were also loaded on the gel so that DNA fragments could be easily 
identified. 
2.3.3 Flourescent-activated Cell Sorting (FACS) 
DNA replication both in mitosis and meiosis was measured using a FACSCalibur 
(BD Biosciences) and analysed with CellQuant software, version 3.3 (BD 
Biosciences). 
1 ml Cell samples fixed in 70% ethanol were prepared for FACS analysis firstly by 
washing twice with imi of 50mM Tris-HC1 pH=7.5. Then the samples were 
suspended in lml of Ribonuclease (RNase, Sigma) solution (see below) and 
incubated on a rotor wheel at 37 °C overnight. Samples were then pelleted and 
resuspended in 0.5 ml of Pepsin solution (see below) and incubated on a rotor wheel 
at 3 7°C. The samples are then spun down and washed once with 1.0 ml of FACS 
buffer (see below) then resuspended in 0.5 ml of FACS buffer. The cell suspension 
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was then sonicated (Soniprep 150, MSE) for 15 seconds at a medium frequency. 
Then 27 tl of 1 mg/mi propidium iodide (prepared in sterile distilled water, Sigma) 
was added and the sample was vortexed. In plastic FACS test tubes (BD Biosciences) 
between 10 and 100 pJ of the propidium iodide samples were diluted with 50mM 
Tris-HC1 pH=7.5 to make up lml. The diluted samples were vortexed then loaded 
into the FACSCalibur for analysis. For consistency, dilutions were calculated to 
achieve 200 to 250 cell counts per second on the FACSCalibur. 
RNase Solution: 
50mM Tris-HC1 pH=7.5 
0.4 mg/mL RNase 
Pepsin Solution: 




200 mlvi Tris-HC1 pH=7.5 
200 mM NaCl 
80 mM MgC12 
2.4 Microscopy 
2.4.1 Microscoies, Image CaDture and Analysis Software 
A number of microscopes were used for analysis of S. cerevisiae strains in mitosis 
and meiosis. Zeiss Axioskop (Oberkochen, Germany) was used for differential 
interference contrast and fluorescent microscopy. Images were captured with a 
Photometrics SenSys (Coherent Life Science) CCD camera and MetaVue version 7.0 
(Molecular Devices Corporation) was used to visualise and Adobe Photoshop CS 
version 9 (Adobe Systems Incorporated) was used to edit images. 
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2.4.2 Poly-L-lysine slide Preparation 
All glass slides (Menzel Glasser) used for assessing both live and fixed cell 
preparations were treated with poly-L-lysine solution (Sigma). A 200 jtl pipette tip 
was used to spread 25 pJ of poly-L-lysine over the glass slides and they were then 
left to dry at room temperature. 
2.4.3 Cell Preparation for Microscopy 
A 5 tl sample of the prepared cell suspension was pippetted onto a poly-L-lysine 
glass slide (see Section 2.4.2). A glass cover slip (Menzel Glässer) was placed over 
the sample and light amount of pressure was administered to the coverslip to ensure 
good spreading of the cells. Nail varnish was used to seal the edges of the coverslip 
to avoid evaporation. 
2.4.4 Cell Counting Using a Haemocytometer 
The haemocytometer (Hawksley and Sons Ltd.) is a specialised microscope slide that 
has etched grids that are precisely spaced and can be used to count and calculalate 
concentration of microscopic matter. In this work it was used to count cells, calculate 
cell concentration and sporulation efficiency. To load the glass coverslip was placed 
on the slide and 10 il of cell suspension was pipetted between the coverslip and slide. 
The cell suspension spreads evenly over the etched grids via capillary action and the 
slide was left to stand for 3-5 minutes for the cells to stop moving before counting 
was begun. 
2.4.5 DAPI staining of Fixed Cells 
From a liquid culture of OD of 1.0 to 1.2 (4x 107  cells/ml) 100 to 200 p1 was taken 
and mixed with 500 j.tl of 99 % ethanol. The sample was then spun for 15 seconds at 
top speed in a bench-top centrifuge and the solution was removed as completely from 
the pellet as possible. Depending on the size of the pellet between 20 and 50 j.d of 1 
jig/ml 4,6-diarnidino-2-phenylindole (DAPI, Sigma) solution was added to the 
sample and vortexed. The sample was then sonicated (Soniprep 150, MSIE) at 
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medium frequency for 1-2 seconds and 5 J.11 of sample was prepared on a poly-L-
lysine slide as described in Section 2.4.2. DAPI forms fluorescent complexes with 
double stranded DNA and allows the visualisation of nuclear DNA. Therefore slides 
were inspected using a fluorescent microscope and population scored with regard to 
nuclear divisions. 
2.4.6 Meiotic Nuclear Spread Preparation 
From a 50 ml synchronous sporulation culture a 1 ml sample was removed and 
pelleted using a bench-top centrifuge at maximum speed for 1 minute and the 
supematant was discarded. The pellet was resuspended in 300 RI of Solution I (see 
below) and spheroplasts were prepared by adding 6 tl of 0.5 M Dithiothreitol (DTT) 
and 4.2 p.1 of Zymolyase lOOT (Seikagaku) and incubating at 37 °C. Cell wall 
digestion was assessed by after 10 minutes incubation by mixing a 5 p.1 sample of the 
digestion with 5 p.1 of 2% of Sarkosyl (Sigma) and assessing lysis. When 75 to 90% 
of the spheroplasts lysed upon contact with Sarkosyl the digestion was placed on ice 
to halt digestion. On appropriately labelled slides 5 p.1 of spheroplasts were gently 
added, followed immediately by 50 p.1 of Spread Solution (see below). Slides were 
left to dry at room temperature in a chemical hood. Meiotic nuclear spreads were 





Spread Solution: (prepared fresh) 
60% of Fixative (4% formaldehyde, 3.4% sucrose [saccharose] store at 4 °C) 
36% of 1% Lipsol solution 
4% of 1% Sarkosyl solution 
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2.5 Protein Methods 
25.1 IrnmunostaininQ Meiotic Nuclear SDreads 
Meiotic nuclear spreads were firstly washed in lx Phosphate buffered saline (PBS, 
see below) for 5 minutes. The slides were then placed face down on a 24 x 40 mm 
coverslip with 100 RI of blocking buffer (see below) was added to them. The slides 
were incubated in a moist chamber at room temperature for 10 minutes while the 
primary antibodies were being prepared. In blocking buffer, anti-HA and anti-Zip 1-
GST were added at concentrations given in Table 2.10 and 50 tl of the primary 
antibody solution was added to 24 x 40 mm coverslips. The slides were dipped into 
lx PBS and the coverslip used to administer the lx blocking buffer slid off of the 
slide. The slides were then placed face down onto the primary antibody. The slides 
were incubated overnight at 4 °C or at 30°C for 3 to 4 hours in a moist container. The 
coverslips were then removed and slides were washed for 5 minutes in lx PBS, 
followed by incubation with the two corresponding secondary antibodies (anti-
mouse-CY3 and anti-rabbit-FITC, see Table 2.10) in a moist chamber at 30 °C for 3-4 
hours. Following the secondary antibody hybridisation, slides were washed in lx 
PBS and 10 p1 of Vectashield (Vector Laboratories Ltd.) + DAPI (1 gIm1) was 
added to the slides and a 24 x 40 mm coverslip was slowly lowered onto the slide to 
allow even distribution of the Vectashield + DAPI solution. Slides were blotted dry 




70 mM Na2HPO4 





Stored at -20°C 
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2.5.2 Assessment of LacZ Gene Exrression 
As previously stated in Section 2.2.6.5 strains of SKi transformed with pAS128 
(Table 2.11) were grown synchronously for meiosis. The lacZ reporter gene is under 
the control of the IME] promoter in pAS 128. IMEJ encodes a transcription factor 
that is required for the expression of early meiotic genes (Shefer-Vaida et al., 1995), 
therefore 3—galactosidase was synthesised when meiosis was induced. 
The 2 ml samples were spun down at maximum speed in a bench centrifuge and 
resuspended in 80 p1 of 'breaking buffer' (see below). The samples were stored at 
20°C until processing. The frozen samples were thawed on ice and kept on ice when 
ever possible to prevent protein degradation. Glass beads (0.5mm, Biospec Products 
Inc.) were added up to the meniscus and 2 tl of 40 mM phenylmethylsulfonyl 
fluoride (PMSF, Sigma, made in 95% ethanol stored at -20 °C). Cells are broken open 
by vortexing six times for 15 seconds at 4 °C. Another 80 p1 of the breaking buffer is 
added and the solution above the glass beads is clarified by spinning down on a 
bench top centrifuge at top speed for 15 minutes. The solution above the beads ('-j 80 
p1) was aspirated and split into two. To 70 p1 of the sample, 200 p1 of 4 mglml 0-
Nitrophenyl-3-D-galactoside (ONPG, dissolved in H 20) was added and incubated in 
a waterbath set at 28 °C for 45 minutes. ONPG is a substrate of f3—galactosidase 
which upon hydrolysis forms a coloured substrate that can be used to quantify 3-
galactosidase activity. The reaction was stopped by adding 800 p1 of 1 M Na 2CO3. 
Hydrolysis of the ONPG was measured by assessing the abosorbance of 0D 420 and 
converted to Miller Units (see equation overleaf). The remaining 10 p1 of solution 
from the cell lysis was used to assess protein concentration of the sample by 
Bradford assay (Bio-Rad, Section 2.5.3). The protein concentration was used to 
normalise the 13—galactosidase activities calculated and allow direct comparison 
between strains and experiments. 
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Breaking buffer 
100 mM Tris-HC1 pH 8.0 
1 mMDTT 
20% Glycerol 
Miller Equation (Miller Units) 
(0D420 x 6.8) / (0.0045 x T x [P]) 
0D420 = Absorbance reading from ONPG hydrolysis by 3—galactosidase 
T = Incubation time in minutes 
[P] = Protein concentration of cell lysis calculated from Bradford protein 
concentration assay (Section 2.5.3) 
2.5.3 Bradford Protein Concentration Assa 
The Bio-Rad Protein Assay kit was used to calculate the protein concentration. This 
assay is based on the Bradford protein assay (Bradford, 1976). A 20% dilution of the 
Bio-Rad dye concentrate was prepared fresh with sterile distilled water and filtered 
through Whatmann #1 filter paper (Sigma). Five dilutions (0.2, 0.4, 0.6, 0.8 and 0.9 
mg/mi) of BSA were prepared to represent the standards. The 10 tl collected from 
cell lysis preparations (see Section 2.5.2) were diluted with 90 tl of sterile distilled 
water. The 100 .tl cell lysis dilutions and 100 pJ of each of the BSA dilutions were 
added to test tubes containing 5 ml of the 20% Bio-Rad dye and incubated at room 
temperature for 10 minutes. Absorbance was measured at 0D 595 and from the 
readings a BSA standard curve could be created and the protein concentration of the 
cell lysis preparations could be calculated. 
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2.6 Computer Analysis 
2.6.1 Saccharomyces Genome Database 
The Saccharomyces Genome Database (Christie et al., 2004) (SGD, 
http://www.yeastgenome.org/)  was used to acquire the following data: 
• Genes with unknown biological process andlor molecular function. 
• Genes with a role in DNA processing. 
• Genes that are essential for vegetative growth. 
• Genes with a biological process or molecular function that is unrelated to 
DNA processing. 
• Cellular location of the genes' corresponding proteins'. 
• Protein domain and homology information 
2.6.2 ComDrehensive Yeast Genome Database 
The Comprehensive Yeast Genome Database (Guldener et al., 2005) (CYGD, 
http://mips.gsf.de/genre/proj/yeast/)  was used to acquire data on genes that are 
involved in DNA processing. 
2.6.3 Yeast Proteome Database 
The 	Yeast 	Proteome 	Database 	(Csank 	et 	al., 	2002) 	(YPD, 
http://www.proteome.com/control/tools/proteome)  was used to acquire phenotypic 
data from genome-wide screens, and homology searches. 
2.6.4 Yeast General Repository for Interaction Datasets 
The Yeast General Repository for Interaction Datasets (Breitkreutz et al., 2001) 
(GRID, http ://biodata.msh .on.calyeast_gridlservlet/SearchPage) was used to 
acquire protein and genetic interaction data reported for Saccharomyces cerevisiae. 
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2.6.5 Database of Interacting Proteins 
The Database of Interacting Proteins (Xenarios et al., 2000) (DIP, http:/!dip.doe-
mbi.ucla.eduldip!Main.cgi) was used to acquire protein interaction data for 
Saccharomyces cerevisiae. 
2.6.6 Yeast Resource Centre 
The Yeast Resource Centre (YRC, http://www.yeastrc.org/pdr/data  dump!) was used 
to acquire protein interaction data acquired during work reported by Hazbun et al. 
(2003). 
2.6.7 Co-expression Analysis 
Co-expression of proteins reported to interact was assessed using a correlation 
coefficient reported in Kemmeren et al. (2002). The correlation coefficient of each 
protein interaction pair was acquired from a website linked to the Genmonics Lab at 
the University Medical Centre Utrecht, Netherlands 
(http://www.genomics.med.uu.nl/-oub/ `Dk/comb gen!). 
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CHAPTER THREE 
In silico Integration of High- 
throughput Data to Imply DNA 
Processing Function 
3.1 	Strategy of High-throughput Data Integration 
To help characterise the model organism Saccharomyces cerevisiae there have 
been a large number of high-throughput experiments performed. These experiments 
have included genomic screens for protein-protein (Hazbun et al., 2003; Ito et al., 
2001; Uetz et al., 2000) and protein complex interactions (Gavin et al., 2002; Ho et 
al., 2002; Krogan et al., 2004a; Krogan et al., 2004b), high-throughput genetic 
interaction analyses (Bellaoui et al., 2003; Davierwala AP et al., 2005; Tong et al., 
2001; Tong et aL, 2004), genome-wide measurements of gene expression under 
various environmental conditions (Chu et al., 1998; Gasch et al., 2000; Hughes et al., 
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2000; Primig et al., 2000; Roberts et al., 2000; Travers et al., 2000), comprehensive 
analysis of subcellular localisation of proteins (Huh et al., 2003; Kumar et al., 2002) 
and assessment of deletion phenotypes of single genes (Enyenihi and Saunders, 
2003; Giaever et al., 2002; Steinmetz et al., 2002). 
The aim of the first part of this project was to develop an effective strategy of 
combining the available high-throughput data to imply a role in DNA processing 
(DNAP) for genes that were not well characterised. The strategy used is described 
below and summarised in Figure 3.1. 
3.1.1 Primary Step to Select Genes Implicated for a role in DNA 
Processing 
The primary selection step involved assessing the physical and genetic 
interactions betveen genes that are known to be involved in DNA processing and 
those that are not annotated for a biological process andlor molecular function. 
Two independent searches for DNAP genes were performed using the 
Comprehensive Yeast Genome Database (CYGD) (Guldener et al., 2005) and 
Saccharomyces Genome Database (SGD) (Christie et al., 2004). A gene was defined 
to be involved in DNA processing if it had a role in one or more of the following 
functions; DNA replication, repair, recombination and related checkpoints, as well as 
chromosome segregation and chromatin structure/modification. A list of 752 DNA 
processing genes was created (Appendix 2). 
At the time this in-silico work was done, 2,360 genes in the SGD were not 
annotated for a biological process or molecular function. Using the Yeast General 
Repository for Interaction Datasets (GRID) (Breitkreutz et al., 2001) and Database of 
114 
Charter Three: Investigating Bioinforma tics Based Selection of Genes to Imøly Involvement in DNA Processing 
Interacting Proteins (DIP) (Bellaoui et al., 2003; Xenarios et al., 2000) it was found 
that 718 genes had an interaction with at least one DNA processing gene. Of these, 
316 genes had more than one interaction and this was used as the primary selection 
(Figure 3.1). 
3.1.2 Secondary Step to Select Genes Implicated for a role in DNA 
Processing 
The secondary selection involved a number of steps aimed to select against genes 
within the primary selection that had unfavourable characteristics with respect to 
being a partially uncharacterised genes involved in DNA processing. 
Despite being assigned to an unknown biological process or function, 72 genes 
have well documented roles in DNA processing and were removed. For example 
MAD] that is well characterised for its role in the spindle checkpoint (Hardwick and 
Murray, 1995) and ZIP2 that has been intrinsically shown to be a component of the 
synaptonemal complex (Chua and Roeder, 1998) were removed. 
Due to experimental limitations, 52 genes that are known to be essential for 
vegetative growth were removed. 
Then 61 genes were removed according to protein localisation data that would 
suggest against a role in DNA processing. For example genes localised to the 
mitochondria, endoplasmic reticulum, cell wall, bud neck, endosome, golgi 
apparatus, peroxisome membrane, plasma membrane, vacuole or lipid were removed. 
A total of 37 genes were then removed due to either being assigned a biological 
process or molecular function that is not related to DNA processing. Biological 
processes and molecular functions not related to DNA processing included 
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annotations such as involvement in cell wall organisation and biogenesis, bud site 
selection, vacuole transport and nutrient metabolism. 
Finally to further increase the stringency of selection, the non-DNA processing 
interactions reported for the genes not removed were also collated and were 
accounted for negatively. With this data, 13 genes were excluded because the 
fraction of DNA processing interactors was less than 115 of the total. 
The secondary selection resulted in the identification of 81 genes collectively 
known as the DNA processing interactor selection or DNAPIS (See Appendix 3 for 
the list of genes removed during the secondary selection). 
3.1.3 Tertiary Step to Select Genes Implicated for a role in DNA 
Processing 
Further analysis of the 81 DNAPIS genes allowed them to be subdivided into 
four groups. The data acquired for the 81 genes during the tertiary selection are 
presented in Appendix 4 and examples of each category in Figure 2. It has been 
reported that physical interaction data-sets are prone to false positive data whereas 
genetic interaction data have a much higher confidence (von Mering et al., 2002). 
Therefore 20 genes that possessed two or more genetic interactions with DNA 
processing genes were included in Category A (Figure 3.2). To assess the remaining 
candidates further the gene expression correlations of all physical interaction pairs 
were compiled. It is well known that physical interaction between two proteins 
generally is associated with mRNA expression correlation (Eisen et al., 1998; Ge et 
al., 2001; Grigoriev, 2001; Jansen et al., 2002). The method of assessing mRNA 
correlation used here has been described and assessed previously (Kemmeren et al., 
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2002). This method calculates a cosine correlation distance for a pair of proteins that 
is between zero and two. These values correspond to complete correlation of 
expression and anti-correlation respectively. A correlation distance of below 0.9 was 
deemed sufficient expression correlation to support the interaction. This cut-off was 
decided for two reasons, firstly yeast two-hybrid data generally have a weak 
relationship with gene expression correlation (Jansen et al., 2002), therefore a cut-off 
value too stringent would miss true interactions, secondly experimental work testing 
the equation found that all interactions with a correlation distance over 0.9 did not 
successfully predict function (Kemmeren et al., 2002). Of the remaining 61 genes, 13 
had a single genetic interaction and at least one physical interaction pair that has a 
co-expression correlation distance below 0.9 (Category B, Figure 2B), while 24 
genes had two or more physical interactions with a co-expression correlation distance 
below 0.9 (Category C, Figure 2C). The remaining 24 genes either had one genetic 
interaction and at least one physical interaction with a co-expression correlation 
distance above 0.9 or at least two physical interactions with a co-expression 
correlation distance above 0.9 (Category D, Figure 2D). 
DNAPIS genes and their allocated categories are presented in Table 3.1 and all 
interaction and calculated expression correlation distances data are presented in 
Appendix 4. 
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DNA Processing 







Category A• Genes with two or more genetic interactions 
Category B 
 
• Genes with one genetic interaction and at least one physical interacton with co-expression 
Category c• Genes with two or more physical interaction with co-expression 
Category 7D 	= Genes with one or no physical interactions with co-expression 
Figure 3.1: Strategy for DNAPIS gene selection. 
Integration of data-sets to select genes with a role in DNA processing. 
Primary Step: Genetic and physical interactions reported between genes involved in DNA 
processing (752 genes) and genes annotated to have an unknown biological process or 
molecular function (2360 genes) was assessed. 316 proteins/genes annotated to have an 
unknown biological process or molecular function had more than one reported 
physical/genetic interaction with a DNA processing protein/gene. 
Secondary Step: (a) 72 genes within the primary selection were removed by our assessment 
that they had well documented roles in DNA processing. (b) 52 genes that were known to be 
essential for vegetative growth were removed. (c) 61 genes were removed according to 
protein localisation data that suggest against a role in DNA processing. (d) 37 genes that 
were removed following our assessment that they were implicated in roles not related to 
DNA processing. (e) 13 genes were removed on the grounds that 80% or more of the 
interactions suggest against a role in DNA processing. 
Tertiary Step: The remaining 81 genes were distributed into four categories. Category A - 20 
genes that have more than one genetic interaction with a DNA processing gene. Category B 
- 13 genes that have one genetic interaction and at least one physical interaction with a co-
expressed DNA processing gene. Category C - 24 genes with more than one physical 
interaction with a DNA processing gene that are co-expressed. Category D - 24 genes with 
less than two interactions with a co-expressed DNA processing gene. 
See text for more detail of the selection strategy and Appendices 2, 3 and 4. 
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Figure 3.2: Samples of DNAPIS gene selection. 
Examples of selected genes with an implied role in DNA processing. 
Genes are represented as nodes and interactions are represented as lines (edges) that 
connect the nodes (Breitkreutz et al., 2001) with an arrow signifying the direction from the 
query gene/protein to the interacting gene/protein. Gene function and interaction type is 
signified by the colour scheme described in the figure key. The red numbers represent the 
gene expression correlation distances calculated for all physical interaction data (Kemmeren 
et al., 2002). 
(1-3) Category A - YPLO17C, PMRI (HURl) and YGL25OW are examples of genes having 
two or more genetic interactions reported with DNA processing genes. (4) Category B - 
RMD11 is an example of a gene that has one genetic interaction and one or more physical 
interaction(s) with gene expression correlation distance below the cut-off value set (<0.9) 
with DNA processing genes. Note that the RMD1 1 interaction with CBF2 was not known 
prior to our selection (Measday et al., 2005). (5) Category C - PSY3 is an example of a gene 
that has two or more physical interactions that have gene expression correlation distances 
with DNA processing genes below our cut-off value of 0.9. (6) Category D - YMR233W is an 
example of a gene that has less than two interactions that have gene expression correlation 
distances with DNA processing genes below the cut-off value of 0.9. See Appendix 4 for 
interaction data of all 81 genes selected. 
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Table 3.1 DNAPIS Genes 
Gene Name Gene Alias 
Selection  
Category 
Gene Name Gene Alias 
Selection  
Category 
YBR094W A YGL250W A 
YBR231C SWC5 A YJL047C RTT1O1 A 
YDL074C BRE1 A YKL054C DEF1 A 
YDR014W RAD61 A YLL049W A 
YDR279W RNH202 A YLR315W NKP2 A 
YDR289C RTT 103 A YLR320W MM522 A 
YDR359C VID21 A YNL215W IES2 A 
YGL066W SGF73 A YNIR051C BRE5 A 
YGL127C SOH1 A YPLO17C A 
YGL168W HURl A YPL055C LGE1 A 
YBL031W SHE1 B YKL098W B 
YBR095C RXT2 B YLR254C NDL1 B 
YDR022C CIS1 B YLR352W B 
YDR383C NKP1 B YMR179W SPT21 B 
YER092W JES5 B YPL077C B 
YHL023C RMD1 1 B YPR045C B 
YKL056C RBF18 B YBR025C C 
YBR129C OPY1 C YLRO16C C 
YBR225W C YLR052W IES3 C 
YBR270C BIT2 C YLR097C HRT3 C 
YDL070W BDF2 C YLR125W C 
YDL156W C YLR224W C 
YDL213C NOP6 C YLR376C PSY3 C 
YDR143C SAN1 C YMR206W C 
YDR206W EBS1 C YNL094W APP1 C 
YFLO13C IES1 C YNL288W CAF40 C 
YHR033W C YOR22OW C 
YIL152W C YPR179C HDA3 C 
YKR077W C YRR100C D 
YAL019W FUN30 D YIL007C NAS2 D 
YAL027W D YKR051W D 
YAL034C FUN19 D YLRO03C D 
YBR125C PTC4 D YLR247C D 
YBR184W D YLR392C D 
YEL023C D YLR413W D 
YER041W YEN1 D YLR437C D 
YER088C DOT6 D YMR147W D 
YGR067C D YMR233W D 
YGR068C D YNL157W D 
YGR071C D YPL095C EEB1 D 
YGR134W CAF130 D YPR152C D 
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3.2 Discussion of DNAPIS Selection Strategy 
Although these high-throughput data-sets have proved to be useful, according to 
the Saccharomyces Genome Database (SGD) (Balakrishnan et al., 2006) more than 
one third of the S. cerevisiae genes do not have a biological process and/or molecular 
function assigned. One major drawback of high-throughput work is the difficulty in 
assessing the large amount of data that is produced (Bader and Hogue, 2002; 
Lockhart and Winzeler, 2000), and to compound the problem further, spurious data 
are common (Grunenfelder and Winzeler, 2002; Mrowka et al., 2001). However, it 
has been shown that problems with false information within data-sets can be 
circumvented by combining data from different high-throughput experiments, as the 
data can either support or contradict one another (Jansen and Gerstein, 2004; 
Kemmeren et al., 2005). 
In this report, a strategy of combining high-throughput data available for protein 
and genetic interactions, protein subcellular localisation and mRNA expression 
patterns together with data from phenotype experiments was used to identify partially 
uncharacterised genes potentially implicated in DNA processing. 
The primary dataset used in this strategy of DNAPIS was interaction data. This is 
because there is a large amount of interaction data available and they are currently 
the best form of data to imply a role not just in DNA processing, but all 
biological/molecular functions. Furthermore, interaction data, both physical and 
genetic, are continually being collected by a number of high-throughput based 
laboratories. Therefore, the amount of this form of data is rapidly increasing and is 
proving to be extremely useful in functional prediction. In fact, two recent TAP-tag 
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based protein complex purification projects have been completed. One third of all 
proteins of S. cerevisiae were successfully purified in these projects, a 3-fold 
increase of the protein complex data previously available (Gavin et al., 2006; Krogan 
et al., 2006). 
However, as discussed above and in section 1.6.2, combining datasets provides a 
greater confidence in gene function. Therefore here additional datasets were 
combined to remove genes that have known characteristics that either predict against 
a role in DNA processing, or select against genes that have already been well 
characterised fora role in DNA processing. 
Homozygous deletion mutants were made for 81 genes selected with the data 
integration strategy (Category A-D) and were assessed to detect roles in mitotic and 
meiotic DNA processing, results of this are presented in the following chapters. 
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CHAPTER FOUR 
Strain Preparation for 
Assessment of DNAPIS Mutants 
4.1 Preparation of Parent Strains 
DNAPIS mutants were created in three strains for the initial DNA processing 
phenotypic screen. Two parent strains were W303 haploids of opposing mating types 
(MATa and MATx), namely EUF153 and EUF180 (Table 2.7). The other parent 
strain, K8409 was derived from a diploid homothallic SKi strain background (Table 
2.7). 
The EUF153 and EUF180 strains have two useful auxotrophic systems that allow 
gene conversion and chromosome nondisjunction to be assessed. However, the 
original strains had a base substitution within the RAD5 gene that upon translation of 
the gene leads to an amino acid change, resulting in an inactive protein. The Glycine 
amino acid at position 535 is changed to an Arginine (rad5-G535R). This.mutation 
causes the strain to have increased sensitivity to hydroxyurea (I{U), ionizing 
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radiation (IR) and ultraviolet (UV) radiation (Prakash et al., 1993). These phenotypes 
ate not desirable for this screen therefore it was necessary to replace the rad5-G535R 
allele with a fully functional RAD5 allele. Figure 4.1 summarises the strategy used to 
create the EUF153 and ETJF18O strains desired. 
Firstly the ELTF153 rad5-G535R and EUF180 rad5-G535R strains were mated 
with MAT-a and MAT-a W303 strains PKY 782 and PKY 781 respectively (Table 
2.7) that had a wild type RAD5 allele. Zygotes were isolated and the resulting 
colonies were sporulated and 80 tetrads for each mating reaction were dissected. 
The haploid spores were tested for the desired auxotrophic markers that were 
present in the original EUF strains by plating and screening for strains that were lys 
and ade (for EUF153 rad5-G535R x PKY 782) and lys and ura (for EUF180 rad5-
G535R x PKY 781). This was followed by mating the selected isolates with strains 
that enabled a screen for the desired mating type and to test the potential EUF153 
strains for the correct ade allele. 
The potential EUF 153 and EUF 180 isolates were then tested for the correct trp 
allele via PCR. A PCR using two primers flanking the TRP1 open reading frame and 
an internal primer were used to distinguish between the trpl-1 and the desired trpl-
24 allele. Figure 4.2 explains the PCR method and shows the result obtained. 
The final step of the parent strain preparation was to assess whether the 
functional RAD5 gene was present, the method used is summarised in Figure 4.3 A. 
The rad5-G535R mutation causes the presence of a unique MnlI restriction site 
within the RAD5 sequence. A PCR was performed using primers that amplify a 239 
bp product which encompasses the rad5-G535R mutation region, and the PCR 
products were subjected to digestion with MnlT. Isolates whose PCR product was not 
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digested with MnlI have a functional RAD5 gene (Figure 4.3 B). To confirm that the 
RAD5 gene was indeed functional a UV sensitivity test was performed on positive 
isolates of EUF153 and EUF180 (Figure 4.3 Q. 
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Figure 4.1: Creation of EUFI53 and EUFI80 strains. 
Mating of EUF153 rad5-G535R with PKY782 and EUF180 rad5-G535R with PKY781, 
followed by sporulation, tetrad dissection and screening for auxotrophic phenotypes lys and 
ade for EUF153 and lys and ura for EUF180. 
Mating of potential EUF153 and EUF180 isolates with Y55 2366 and Y55 2196 
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Figure 4.1 (Continued): Creation of EUFI53 and EUFI80 strains. 
(C) DNA from potential EUF153 and EUF180 isolates was extracted and used for PCR to 
check the presence of the original trpr allele (trpl-21) (Figure 4.2). Another PCR was then 
performed on the trp1-26 isolates to amplify a 239 bp region of the RAD5 open reading 
frame. The RAD5 PCR product was then digested with Mn/I restriction enzyme to assess the 
presence or absence of the rad5-G535R mutation (Figure 4.3). Isolates with the functional 
RAD5 gene were assessed for UV sensitivity comparing against a rad5-G535R mutant 
strain. The RAD5 strain has increased resistance to UV (Figure 4.3). 
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Figure 4.2: PCR analysis of the TRPI mutation for potential EUFI53 and 
EUFI80 RAD5 strains. 
Schematic of PCR used to assess the TRP1 mutations. Two PCRs were performed with 
DNA from each strain. One reaction with TRP1_A and TRP1_D primers both flanking the 
gene and one with the TRP1_A primer and TRP1_B a primer that anneals within the TRPI 
sequence (Table 2.9). If the desired trp1-2L deletion is present only one product of 510 bp is 
expected from the PCR with the two flanking primers (TRP 1_A and TRP1_D) and no product 
is expected from the PCR with the internal primer (TRP1 A and TRP1_B). If an isolate has 
the trpl-1 allele it will amplify a product in both PCR reactions, a product size of 1355 bp 
(TRP1_A and TRP1_D) and 900 bp (TRP1 A and TRP1_B) is expected. 
Agarose gel electrophoresis of the PCR products obtained when assessing the TRPI 
mutations Odd lane numbers represent the flanking primer PCR (TRP1_A and TRP1_D) and 
even lane numbers represent the PCR with one flanking and one internal primer (TRP1A 
and TRP1_B). Lane 1 and 2 contain the PCR products obtained from from PKY781 that is 
known to have the trpl-1 allele. Lane 3-4 and 5-6 represent PCR products obtained from 
EUF153 rad5-G535R and EUF180 rad5-G535R known to have the trp1-2i allele. Lane 7-8 
and 9-10 represent PCR products obtained from a potential EUF153 RAD5 and EUF180 
RAD5 isolates respectively, both have the desired trp1-2L allele. 
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Figure 4.3: Analysis of the RAD5 gene for potential EUFI 53 and EUFI 80 
strains. 
Schematic of PCR and restriction digest used to assess the RAD5 gene. One PCR was 
performed with DNA from each strain using RD5F and RD5R that amplifies a 239 bp product 
that encompasses the region where the rad5-G535R mutation could be present. If the rad5-
G535R mutation is present the 239 bp sequence will contain a Mn/I restriction site which is 
absent in a wild type RAD5 gene sequence. Therefore the mutant and wild type alleles can 
be distinguished upon Mn/I restriction digest as the mutant allele will result in a product of 
191 bp. 
Agarose gel electrophoresis of the 239 bp PCR products obtained when assessing the 
RAD5 gene (upper gel) and subsequent Mn/i restriction digest (lower gel) results obtained. 
Lane 1 and 2 represent the EUF153 rad5-G535R and EUF180 rad5-G535R parental strains 
and Lane 3 and 4 represent the PKY781 and PKY781 parental strains. It can be seen from 
Lanes 1-4 that the 239 bp PCR product is only digested by Mn/I in the E153 rad5-G535R 
and E180 rad5-G535R parental strains. Lane 5 and 6 and Lane 7 and 8 represent two 
potential EUF153 and EUF180 isolates respectively. The isolates corresponding to Lane 6 
and Lane 7 that have not been digested with Mn/i are EUF153 and EUF180 isolates with the 
desired functional RAD5 gene. 
UV sensitivity analysis of EUF153 and EUF180 strains. Upper panel represents serial 
dilutions of overnight cultures spotted onto a YPDA plate. Lower panel represents the same 
serial dilutions plated onto a YPDA plate that is exposed to 250 J/m 2 of UV light. Lane 1 and 
3 represent EUF153 and EUF180 strains that did not have Mn/i digestion of their RAD5 PCR 
product and it can be seen that they have a higher resistance to UV in comparison to Lane 2 
and 4 that are the two EUF153 rad5-G535R and EUF180 rad5-G535R parental strains 
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4.2 Gene Replacement of DNAPIS Genes 
4.2.1 Saccharomyces cerevisiae gene deletion library 
Since 2002 a library of approximately 6000 single gene deletion mutants 
covering almost all of the predicted open reading frames of S. cerevisiae has been 
available (Giaever et al., 2002). This library includes both haploid and diploid 
mutants and the mutants can be ordered from an organisation known as 
EUROSCARF (European Saccharomyces cerevisiae archive for functional analysis). 
These gene deletions were created by a well established PCR-mediated homologous 
recombination technique that allows the replacement of the native open reading 
frame with a G4 18 (kanamycin, KANMX4) antibiotic resistance cassette that is used 
as a positive gene replacement selection marker (Wach et al., 1994). This method 
involves generation of a linear DNA fragment by PCR, that encodes the selectable 
KANIMX4 marker gene, flanked at both ends by approximately 45 base pairs of 
sequence identical to the DNA immediately 5' and 3' to the open reading frame to be 
replaced. The amplified DNA fragment is introduced into yeast (see section 2.2.5.1), 
and by homologous recombination the targeted gene is replaced. 
4.2.2 Primer design, generation of DNAPIS::KANMX4 cassettes and 
DNAPIS gene replacement of E153, E180 and K8409 parental strains 
Diploid mutants of the DNAPIS genes were ordered from EUROSCARF (Table 
2.8). The parental diploid is known as BY4743 and its genotype is presented in Table 
2.7. Genomic DNA from BY4743 DNAPIS mutant strains were used to amplify the 
corresponding KANMX4 deletion cassette via PCR. However the primers used to 
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create the gene replacement in the BY4743 strains were not used. Instead new 
primers were designed to increase the amount of homologous sequence flanking the 
KANMX4 cassette from 45 base pairs on each side to approximately 150-200 bp. 
The increase in flanking sequence gives higher efficiency of homologous 
recombination (Lorenz et al., 1995). Primers designed to amplify each DNAPIS gene 
replacement cassette are presented in Table 2.9 and Appendix 1. 
The DNAPIS gene replacement cassettes were then used to transform the 
EUF153 EUF180 and K8409 parent strains using the method described in section 
2.2.5. See Figure 4.4 for a summary of the method used for gene replacement. 
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Figure 4.4: Strategy of DNAPIS::KANMX4 gene replacement. 
Schematic of PCR DNAPIS gene replacement strategy. Firstly the DNAPIS forward and 
reverse primers (DNAPIS_F and DNAPIS_R) are used with the genomic DNA of the 
corresponding BY4743 DNAPIS mutant to amplify the DNAPIS::KANMX4 cassette. The 
DNAPIS::KANMX4 cassette is then purified and concentrated by phenol-chloroform 
extraction, and used to transform the parent yeast strains via homologous recombination. 
Positive transformants were selected by plating the transformation culture on YPDA + G418. 
Agarose gel electrophoresis of the PCR amplification of a DNAPIS::KANMX4 cassette 
that was subsequently purified by phenol-chloroform extraction and used for yeast 
transformation. Lanes 1 to 4 contain an example of a DNAPIS::KANMX4 cassette that is > 
1800 bp. 
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4.2.3 Confirmation of successful DNAPIS gene replacement 
The isolated transformants that were selected for G418 resistance were assessed 
via PCR to confirm that the DNAPIS::KANMX4 cassette has recombined into the 
correct position in the genome. 
The method involves four PCR reactions with four different combinations of 
primers summarised in Figure 4.5. One PCR reaction uses a forward primer that 
anneals to a 5' region upstream to the forward primer annealing site used for creation 
of the DNAPIS: :KANMX4 cassette with an internal reverse primer that anneals to 
the native DNAPIS sequence. This PCR will only work if the DNAPIS ORF has not 
been replaced with the DNAPIS: :KANIMX4 cassette. The second PCR uses the same 
forward primer and an internal reverse primer that anneals to the KANMX4 
sequence, therefore the PCR will only work if the DNAPIS::KANMX4 cassette has 
been inserted in the desired region and the predicted size of the PCR product can be 
assessed. The third PCR is similar to the second reaction however it uses an internal 
forward primer that anneals to the KANMX4 sequence and a reverse primer that 
anneals a 3' region downstream to the reverse primer annealing site used for creation 
of the DNAPIS::KANMX4 cassette. The fourth PCR uses the flanking forward and 
reverse primers, this PCR will either amplify a product corresponding to the size of 
the KANMX4 cassette insertion or the size of the native ORF. This PCR method 
gave confirmation to whether the isolated transformants contained the 
DNAPIS: :KANMX4 insert in the correct region and that the insert was of the correct 
size. The BY4743 wild type and corresponding DNAPIS mutant were used as 
negative and positive controls respectively. 
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Using the PCR confirmation method at least three mutant isolates for each of the 
81 DNAPIS genes were confirmed for the EUF153, EUF180 and K8409 
backgrounds. 
As the K8409 DNAPIS mutations were initially heterozygous diploid mutations, 
the three confirmed mutant isolates were sporulated and five tetrads were dissected 
for each isolate onto YPDA plates (see section 2.2.3.3). When the spores had 
germinated and grown to small colonies, the G4 18 resistance was assessed by replica 
plating onto YPDA + G418. If transformation was successfiul, two of four spores 
from a tetrad were resistant to G418 (Figure 4.6). As the K8409 strain is homothallic, 
the strain was able to switch mating type during vegetative growth. Therefore, G41 8 
resistant spore colonies were diploid homozygous mutants for the DNAPIS gene. 
Prior to experimental assessment of the PCR confirmed mutant strains, they were 
plated onto YPG plates (Table 2.2) to ensure that the mutants have a functional 
mitochondria, as it is known that during the transformation procedure, loss of the 
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Figure 4.5: PCR confirmation method used to assess DNAPIS mutant 
candidates. 
Schematic of the four PCR experiments used to assess potential DNAPIS::KANMX4 
transforrnants. Successful DNAPIS gene replacement with the KANMX4 gene will give rise 
to three positive reactions (DNAPIS_A with KAN_B, KAN_C with DNAPIS D and DNAPISA 
with DNAPIS_D) and one negative reaction (DNAPIS_A with DNAPIS_B). Unsuccessful 
DNAPIS gene replacement with the KANMX4 gene will give rise to two positive reactions 
(DNAPISA with DNAPIS_D and DNAPIS_A with DNAPIS_B) and two negative reactions 
(DNAPISA with KAN_B and KAN_C with DNAPIS_D). 
Agarose gel electrophoresis of PCR experiments testing whether a DNAPIS gene has 
been replaced by the KANMX4 gene. Lanes 1-4 represent the PCR experiments performed 
with genomic DNA from an isolate that has not had the DNAPIS ORE replaced by the 
KANMX4 gene. Lanes 5-8 represent the PCR experiments performed with genomic DNA 
from an isolate that has had the DNAPIS ORF replaced by the KANMX4 gene. Lane 1 and 5 
were loaded with samples from the PCR with DNAPIS_A with DNAPIS B primers. Lane 2 
and 6 were loaded with samples from the PCR with DNAPIS_A with DNAPIS_D primers. 
Lane 3 and 7 were loaded with samples from the PCR with DNAPIS_A with KAN_B. Lane 4 
and 8 were loaded with samples from the PCR with KANC with DNAPIS_D. 
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Figure 4.6: Isolation of homozygous diploid K8409 gene replacement 
mutants. 
Heterozygous K8409 mutants were sporulated and tetrads were dissected onto YPDA plates 
and incubated for three days at 30 °C. The spore colonies were then replica plated onto 
YPDA + G418 plates and incubated for a further day at 30 °C. Due to K8409 being 
homothallic the spore colonies that grow on the YPDA + G418 are homozygous diploid 
isolates. 
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4.3 Discussion of DNAPIS Strain Preparation 
The EUF strains were originally constructed as part of a European Union 
sponsored project known as the European Functional Analysis Network 
(EUROFAN) II. The purpose of this EUF strain was to identify genes involved in 
DNA recombination and chromosome segregation during meiosis. However the 
progression of this project was cut short by limited funding and it was also found that 
the parent strains constructed had a mutant RAD5 allele (rad5-G535R). 
The rad5-G535R allele is not a desirable background particularly for experiments 
aimed to identify genes involved in DNA processing. RAD5 is involved in the post-
replicative repair (PRR) pathway that is involved in the repair of DNA lesions which 
stall the DNA replication machinery (Smimova and Klein, 2003). Mutation of RAD5 
causes hypersensitivity to UV, IR, MMS (Prakash et al., 1993) and also reduces 
levels of gene conversion (Liefshitz et al., 1998). If a DNAPIS gene is part of the 
same epistasis group as RAD5 it was foreseeable that the phenotype tests for JR and 
MMS hypersensitivity and meiotic gene conversion would not result in an observable 
mutant phenotype. Therefore it was important that the rad5-G535R allele was 
replaced with a functional allele. Additionally RAD5 mutants were found to increase 
chromosome loss during vegetative growth which is certainly not a desirable parent 
background phenotype (Smimova and Klein, 2003). 
The other parent strain used for this work was K8409 (Table 2.7). This strain was 
created by Atilla Toth and Kirsten Rabitsch from the Institute of Molecular 
Pathology in Vienna, Austria (Rabitsch et al., 2001). K8409 is a derivative of the 
SKi S. cerevisiae background, and therefore is sporulation proficient. The strain has 
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an Haemagglutinin (HA) tagged Rec8 protein. Rec8 is a meiosis specific cohesin 
subunit that is present in place of the Sccl/Mcdl subunit (Klein et al., 1999). The 
meiotic cohesin complex is required for maintaining cohesion between sister 
chromatids during the first meiotic division and maintains the sister chromatid 
cohesion between centromeres until anaphase of meiosis II (Klein et al., 1999). The 
HA tagged Rec8 can be used for immunocytology with antibodies against the HA 
tag. 
Additionally the K8409 parent strain expresses a tetracycline repressor that is 
fused to the green fluorescent protein (tetR-GFP) from chromosome III. 
Approximately 35 kb away from the centromere of chromosome V. upstream to the 
URA3 open reading frame, the strain has 224 repeated tetracycline operator (tetO) 
sequences. The tetR-GFP proteins bind to the tetO sequences making chromosome V 
visible via fluorescent microscopy. Therefore this strain can be used to assess 
chromosome segregation. 
The DNAPIS mutants were prepared using KANIMX4 gene replacement cassettes 
that are already present within yeast strains of a genome deletion library (Winzeler et 
al., 1999). Therefore it was known that the replacement of the gene was successful. It 
also allowed the design of primers to amplify the KANIMX4 cassettes with an 
increased the amount of homology to the up and downstream regions of the open 
reading frame being replaced. Increase in homology to the targeted gene increases 
the efficiency of transformation (Lorenz et al., 1995). 
Gene replacement of all DNAPIS genes was successful and strains have been 
stored in duplicate at -70°C. 
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CHAPTER FIVE 
Initial Assessment of DNAPIS 
Mutants for a Role in DNA 
Processing 
5.1 A Screen for Mutant Mitotic DNA Processing Phenotypes 
During mitosis, DNA needs to be replicated and segregated correctly into the two 
resulting daughter cells. Errors during DNA replication and incorrect chromosome 
segregation can lead to DNA damage, cell cycle arrest, cancers, aneuploidy and 
apoptosis. Additionally, DNA can be damaged by external sources including 
mutagenic chemicals. However, there are a number of surveillance and repair 
mechanisms with in a cell that prevent or correct these errors becoming detrimental 
to the cell. A lot of effort has been put into discovering and characterising the genes 
involved in correct DNA processing during vegetative growth. 
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DNAPIS mutant strains were exposed to three agents that affect normal DNA 
processing progression namely hydroxyurea (HU), methyl methanesulfonate (NMS) 
and ionizing radiation (IR, i.e. X-rays). To assess whether the response to HU, NMS 
and JR exposure was compromised in the DNAPIS mutants, their response was 
compared to the wild type. Table 5.1 summarises the results obtained fromthese 
assays. 
Table 5.1 DNAPIS mutants with hypersensitivity to hydroxyurea, methyl 
methanesulfonate and X rays. * 
Gene Selection 	MMS 	X-ray 	HU  Gene Name 	
Alias 	Category hypersensitive hypersensitive hypersensitive ** 	 ** 	 ** 
Wild type - - - 	 - 
YBR231C SWC5 A - - + 
YDL074C BRE1 A - - 	 + 
YDR014W RAD61 A 
YDR359C VID21 A +++ +++ 	+++ 
YGL066W 5GF73 A - - + 
YGL127C SOH1 A - - 	 ++ 
YGL167C PMR1 
(YGL168W) (HURl) A - - +++ 
YJL047C RTT 101 A +++ - 	 + 
YKL054C DEF1 A +++ +++ 
YLR320W MMS22 A +++ +++ 	+++ 
YNR051C BRE5 A - - + 
YPL055C LGE1 A - - 	 + 
YHL023C RMD11 B - - + 
YLR376C PSY3 C + + + - 	 - 
* See figures 5.1, 5.2 and 5.3 for the actual results acquired from the HU, MMS and 
X-ray sensitivity assays. 
** Hypersensitivity scoring is based on the difference to wild type where 
represents wild type sensitivity, '+' represents a slight increase of sensitivity, '+ +' 
represents a moderate hypersensitivity and '± + +' represents a high hypersensitivity 
to the agent used compared to the wild type. 
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5.1.1 Assessment of DNAPIS Mutants for Methyl Methanesulfonate 
Sensitivity 
Methyl methanesulphonate (MMS) is a DNA alkylating agent that modifies 
guanine to 7-methylguanine giving rise to base mispairing (Beranek, 1990). NMS 
also modifies adenine to 3-methyladenine which is known to cause replication 
blockage (Beranek, 1990). The DNA damage caused by IVIIMS is known to be 
predominantly repaired by the base excision repair (BER) pathway (Lindahl and 
Wood, 1999). However genes involved in homologous recombination RAD52 
epistasis group are also sensitive to MMS suggesting that MMS causes the formation 
of DNA double strand breaks (DSBs) (Krogh and Symington, 2004). Due to this 
observation, MMS has been considered an ionizing radiation (IR) mimetic. However, 
unlike IR, MMS does not directly form DSBs (Lundin et al., 2005). It has been 
suggested that DSBs form when a DNA replication fork reaches a single strand break 
(SSB) induced by MMS causing the replication fork to collapse (Pascucci et al., 
2005). 
Although the DNA damage caused by MMS is not completely understood, it is 
not disputed that mutant alleles of genes involved in DNA repair and DNA synthesis 
are sensitive to MMS. Therefore it is of interest to assess whether the DNAPIS 
mutants have an increased sensitivity to MMS compared to the wild type parental 
strain. 
To assess whether deletion of a DNAPIS gene caused hypersensitivity to MMS, 
EUF153 and EUF180 DNAPIS haploid mutants were grown on solid media in the 
presence and absence of NMS. Comparisons between the DNAPIS strains treated 
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and untreated with MIMS were made, and these comparisons were referred to the 
result acquired for the wild type. See section 2.2.5.3 for details of the method used. 
Five EUF153 DNAPIS mutants were found to be more sensitive to MMS in 
comparison to the wild type (Table5.1; mms22A, vid21A, defl4, psy34 and rtt101A). 
Consistent with this, the corresponding four EUF180 DNAPIS mutants also had 
increased sensitivity to MMS. See Figure 5.1 for the result obtained. All five 
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Figure 5.1: DNAPIS mutants with increased sensitivity to methyl 
methanosulfonate. 
Overnight cultures of the DNAPIS mutants together with the wild type were diluted in series 
(from 101  to 10) and plated onto YPDA and YPDA + 0.035% MMS and incubated at 30 °C 
for four days. All mutants with an increased sensitivity to MMS are represented here and are 
defined to have a 'decreased viability' phenotype. Note that the first YPD plate result is taken 
from two plates. However, the experiment was performed with the same wild type culture 
dilutions, and the same batch of YPDA plates, making the result next to identical. 
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5.1.2 Assessment of DNAPIS Mutants for X-ray Sensitivity 
The DNAPIS mutants were also assessed for their sensitivity to X-irradiation. X-
rays are a form of ionizing radiation (IR) that is known to give rise to DNA damage 
in the form of both SSBs and DSBs (Ward, 1990). IR causes the formation of 
hydroxyl free radicals that can bind and abstract hydrogen atoms within DNA 
deoxyriboses, thus resulting in the formation of a DNA break (Levin and Demple, 
1996). 
To assess whether deletion of a DNAPIS gene caused hypersensitivity to X-rays, 
EUF153 and EUF180 DNAPIS haploid mutants were plated onto two plates of solid 
media, one of which was exposed to X-rays and the other was used as a control. 
Comparisons between the DNAPIS strains exposed and not exposed to X-rays were 
made, and these comparisons were referred to the result acquired for the wild type. 
See section 2.2.5.3 for details of the method used. 
As with the MMS sensitivity assay, EUF153 and EUF180 DNAPIS haploid 
mutants were grown on solid media in the presence and absence of HILT. See section 
2.2.5.3 for more details about the methods used. 
Three of the mutants that were found to be sensitive to MMS were also sensitive 
to X-rays (Table 5.1; mms22A, vid21A and defl4). One additional DNAPIS mutant 
was found to have increased sensitivity to X-rays, namely rad61A. Interestingly, 
rad614 was not hypersensitive to NMS. Figure 5.2 shows the result obtained for the 
DNAPIS strains that were sensitive to X-rays. All four mutants had a decreased 
viability to X-ray exposure. Another interesting observation, was that PSY3 and 
RTTJOJ are required for the repair of DNA damage induced by NMS, but not DNA 
damage caused by X-rays (Figure 5.2 B). 
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Figure 5.2: DNAPIS mutants with increased sensitivity to X-rays. 
Overnight cultures of the DNAPIS mutants together with the wild type were diluted in 
series (from Neat to 10) and plated onto YPDA and YPDA that was then exposed to 
120kVp of X-ray for 40 minutes. Plates were incubated at 30 °C for four days. All mutants had 
'decreased viability' phenotype to X-rays. 
The X-ray sensitivity phenotype of psy3i and rttlO14 is similar to the wild type. The 
DEFI mutant was used as a positive control. The dilution series was from 101  to 10 5 . 
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5.1.3 Assessment of DNAPIS Mutants for Hydroxyurea Sensitivity 
Hydroxyurea (}{LJ) is an inhibitor of the enzyme ribonucleotide reductase and 
inhibits DNA replication in a wide variety of cells, including Saccharomyces 
cerevisiae. HLJ treatment in S. cerevisiae has been shown to reduce levels of dNTPs, 
the base building blocks of DNA, thus slowing or inhibiting DNA replication 
progression (Koc et al., 2004). DNA replication inhibition is known to cause 
replication forks to become unstable and collapse, triggering DNA damage pathways 
to maintain the integrity of the genome (Merrill and Hoim, 1999). Therefore, 
reduction of dNTP poois by exposure to HtJ treatment could be detrimental to a cell. 
Furthermore, mutation of genes involved in molecular functions such as DNA 
replication, maintenance of stalled replication fork structure and DNA repair would 
lead to increased sensitivity to HTJ. 
As with the MMS sensitivity assay, EUF153 and EUF180 DNAPIS haploid 
mutants were grown on solid media in the presence and absence of HU. See section 
2.2.5.3 for more details about the methods used. 
From this analysis, twelve EUF153 DNAPIS mutants were found to be more 
sensitive to HU in comparison to the wild type (see Table 5.1). Consistent with this, 
the corresponding twelve EUF 180 DNAPIS mutants also had increased sensitivity to 
HU. See Figure 5.3 for the result obtained. Furthermore, three of the twelve DNAPIS 
mutants appeared to have decreased viability to RU (vid214, deflzi and mms22zi). 
Interestingly the viability of these three mutants was also reduced when subjected to 
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Figure 5.3: DNAPIS mutants with increased sensitivity to hydroxyurea. 
Overnight cultures of the DNAPIS mutants together with the wild type were diluted in series 
(from 101  to 10) and plated onto YPDA and YPDA + 100 mM HU. All mutants with an 
increased sensitivity to HU are represented here and are defined to have either a 'slow 
growth' or decreased viability' phenotype. 
Note: The DNAPIS gene HURl was shown to be required for normal viability following 
exposure to HU, however the hurlJ deletion used in the initial experimental screen also 
disrupts the C' terminal region of another gene, PMR1. For more detail refer to section 5.31, 
as well as results presented in section 6.2. 
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5.2 A Screen for Mutant Meiotic DNA Processing Phenotypes 
The EUF 153 and EUF1 80 strains are of opposing mating types and therefore can 
be mated to create diploids. Unlike haploids, diploid S. cerevisiae can undergo 
meiosis when exposed to starvation conditions. ETJF153-EUF180 diploids were 
isolated for the DNAPIS mutants and they were used to assess whether any of the 
DNAPIS genes are required for normal progression of DNA processing during 
melosis. 
5.2.1 Assessment of DNAPIS Mutants for Reduced Sporulation 
Efficiency and Spore Viability 
The EUF1 53-EUF1 80 diploid DNAPIS strains were sporulated using conditions 
explained in section 2.2.6. The sporulation efficiency was assessed via 
haemocytometry (Section 2.4.4) and spore viability was assessed following tetrad 
dissection (Section 2.2.6.6). All results are presented in Appendix 5. 
The average sporulation efficiency calculated for the EUF153-EUF18O wild type 
was 50.7%. There were 16 DNAPIS mutants that had a sporulation efficiency that 
was at least 15% less than the wild type (Table 5.2). Furthermore, six of these 
mutants had a very low sporulation efficiency, being between 0 and 3.5% (Table 5.2; 
vid21A, brel4, sgj734, rmdll4, deflA, and igelA). Using DAPI staining and 
fluorescence microscopy (Section 2.4), the level of meiotic nuclear division was 
assessed for these six DNAPIS mutants. The mutants either had very low levels of 
meiotic nuclear division (sgJ734 and rmdllA) or meiotic nuclear division was absent 
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(vid2lA, breizi, defl4, and lgelJ). An example of the morphology of these mutants 
is given in Figure 5.4. 
With exception to the six mutants that had very low or no levels of meiotic 
nuclear.divisions, tetrads from the DNAPIS mutants were dissected to assess spore 
viability. A minimum of 80 spores were dissected per strain. The wild type viability 
was 94.6%. Nine DNAPIS mutants had a spore viability that was at least 15% less 
than.the wild type (Table 5.2). Additionally, a further 4 DNAPIS mutants had a spore 
viability that was more than 10% less than wild type (Table 5.2). 
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Table 5.2 Mutants of DNAPIS genes with reduced sporulation efficiency 
and/or spore viability 
Selection 	Sporulation 	Spore Gene Name 	Gene Alias 	
Category Efficiency (%) * Viability (%) £ 
Wild type Wild type - 50.7 94.59 
YBR231C SWC5 A 33.4 91.25 
YDL074C BRE1 A <0.1 NA 
YDR014W. RAD61 A 47 75 
YDR289C RTT103 A 33.6 91.5 
YDR359C VID21 A <0.1 NA 
YGL066W SGF73 A 1.6 NA 
YGL127C SOH1 A 22.6 50 
YGL167C PMR1 
(YGL168W) (HURl) 
A 103 125 
YGL250W A 33.5 85 
YKL054C DEF1 A <0.1 NA 
YLR320W MMS22 A 13.3 61.25 
YNR051C BRE5 A 27.6 82.5 
YPLO17C A 17.2 55 
YPL055C LGE1 A <0.1 NA 
YHL023C RMD11 B 3.4 NA 
YDL213C NOP6 C 33.7 55 
YDR143C SAN1 C 41.2 83.75 
YLR376C PSY3 C 34.2 85 
YNL288W CAF40 C 41.1 77.5 
YPR179C HDA3 C 39.1 79.5 
YPR179C D 37.8 77.5 
YKR051W D 44.4 81.25 
YPR152C D 45.5 81.88 
* Sporulation efficiency figures in bold type are at least 15% less than the sporulation 
efficiency acquired for the wild type. 
£ Spore viability figures in bold type are more than 15% less, and in italics are more 
than 10% less than the spore viability of the wild type. 
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Figure 5.4: Example image of DNAPIS mutants with low levels of 
meiotic nuclear division. 
Samples of sporulation cultures were fixed and stained with 4',6-Diamidino-2-phenylindole 
(DAPI), images were taken at 1000x magnification. The wild type image shows a tetrad 
containing four spores (spore signified by the arrow) and DNA present in each spore which 
was visualised by the DAPI staining. The image of rmdll4 shows that meiotic nuclear 
division and spore formation is absent. 
151 
Chapter Five.' Initial Assessment of DNAPIS Mutants for a Role in DNA Processing 
5.2.2 Assessment of Gene Conversion and Nondisjunction Levels 
During Meiosis for the DNAPIS Mutants 
5.2.2.1 Theory of the Gene Conversion and Nondisjunction Assays 
The EUF153 and EUF180 diploid DNAPIS mutant strains were useful for two 
other meiotic assays. These two assays utilized the auxotrophic marker 
heterozygosity between the two haploid strains. 
Firstly, the two null LYS2 heteroalleles (lys2-nde3' and lys2-nde5) allowed the 
assessment of gene conversion (Figure 5.5). If a correct gene conversion event 
occurs between the two null LYS2 heteroalleles during meiosis, it will give rise to a 
functional LYS2 allele. Spores' carrying such an allele will be able to germinate and 
grow on media deficient of lysine. 
The EUF153 and EUF180 diploid DNAPIS mutant strains were also used to 
assess chromosome missegregation during meiosis (Figure 5.6). Chromosome XV of 
both EUF1 53 and EUF1 80 contain the same ade2 allele. However, the ADE] gene is 
disrupted by a functional ADE2 gene in the EUF 153 background. Therefore the 
EUF1 53-EUF1 80 diploid strain can grow without adenine, but haploid spores should 
not be able to grow, unless missegregation of Chromosome I occurs. This assay 
selects preferentially for meiosis I chromosome missegregation. 
To select for haploid products from EUF153-EUF180 sporulation and to avoid 
both assays being contaminated with diploid cells, plates were supplemented with 
canavanine. Canavanine is an analogue of argininine that is poisonous to cells that 
have a functional CAN] gene. CAN] is an arginine permease that imports arginine 
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and canavanine (Ahmad and Bussey, 1986). When canavanine is imported into cells 
it is incorporated into proteins in place of arginine and leads to incorrect protein 
folding, thus resulting in cell death (Sherman, 2002). The diploid strains harbour 
both an active and inactive CAN] alleles therefore they are sensitive to canavanine. 
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Figure 5.5: Schematic of meiotic gene conversion assay. 
The two homologues of chromosome II in the EUF153 - EUF180 diploid contain two 
different mutant alleles for the LYS2 gene. Both alleles have one Ndel restriction site absent 
causing the gene not to be functional. Therefore the strain requires lysine supplemented 
media to grow. However, recombination between the two heteroalleles can give rise to a 
functional LYS2 gene. Gene conversion during meiosis can be assessed by assaying for 
haploid spores (selected by the presence of canavanine) that can germinate and grow 
without lysine. 
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Figure 5.6: Schematic of meiotic chromosome missegregation assay. 
The EUF153 - EUF18O diploid strain is homozygous forthe mutant ade2allele on 
Chromosome XV. However, one copy of the ADEI gene on Chromosome I is disrupted by a 
functional ADE2 gene. Therefore the diploid strain can grow without adenine but haploid 
spores should not be able to grow, unless missegregation of Chromosome I occurs. 
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5.2.2.2 Results from Gene Conversion and Nondisiunction Assays 
Spot assays were used for initial assessment of all DNAPIS mutant strains. An 
example of spot plate tests for both meiotic gene conversion and missegregation are 
represented in figure 5.7. 
Strains that showed a mutant phenotype from spot assays were assessed using 
random spore analysis (see section 2.2.6.5). This allowed an accurate comparison of 
gene conversion and meiosis nondisjunction frequency between the DNAPIS strains 
and the wild type. Results from these assays are summarised in table 5.3. Random 
- 	spore assays were repeated at least three times. 
Three mutants were found to have a reduced level of gene conversion in 
comparison to the wild type. The YGL250W mutant had approximately a 6-fold 
decrease, and both SOHJ and BRE5 had more than a 250-fold reduction in gene 
conversion. 
Three mutants (sohiA, mms22A and yp101 7cA) were found to have at least four 
times higher levels of missegregation in meiosis. The YPLO] 7C mutant had the most 
notable level of adenine auxotrophs being more than 30-fold greater than the wild 
type. 
The meiotic chromosome missegregation phenotype was also assessed in the 
K8409 background. As explained in section 4.3, this strain expresses a tetR-GFP 
fusion protein that binds to tandem repeats of the Tet operator sequence on 
chromosome V. This permitted assessment of chromosome V segregation into the 
four meiotic products by fluorescence microscopy. Only the YPLO] 7C mutant had a 
considerable increase of chromosome missegregation (9% of asci with 
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missegregation of chromosome V). See figure 5.8 for an example of GFP-
Chromosome V segregation phenotype observed for the YPLO] 7C DNAPIS mutant. 
The YPLO] 7C mutant missegregation appears to occur either during meiosis I or II. 
The missegregation events were either tetrads with two spores containing the normal 
one copy of chromosome V, one spore with two copies of chromosome V and the 
other spore without a copy of chromosome V (5.1%); or two spores containing two 
copies of chromosome V and two spores without a copy of chromosome V (3.9%). 
The defects of sohiA and mms22A were not detected using the GFP-Chromosome V 
assay, presumably because they were below the detection level of the visual assay or 
because meiosis in SKi is more robust and does not require these genes. 
Table 5.3 Mutants of DNAPIS genes with reduced levels of meiotic gene 
conversion and/or increased meiotic chromosome missegregation. 
Meiotic gene Meiotic 
conversion - 
Selection  





frequency Ade frequency 
(10) (10-i) 
* 
Wild type Wild type - 3.868 1.64 
YGL127C SOH1 A 0.015 6.08 
YGL250W A 0.663 3.06 
YLR320W MMS22 A 3.19 13.6 
YNR051C BRE5 A 0.013 3.03 
YPLO17C A 3.33 50.3* 
* The meiotic chromosome missegregation phenotype was confirmed by assessing 
the mutant in a K8409 background. The K8409 strain contained tandem arrays of the 
Tet operator, 35 kb away from the centromere of chromosome V that allowed 
binding of a Tet repressor-GFP fusion protein. This permitted detection of 
chromosome V segregation into the four meiotic products by fluorescence 
microscopy. 
157 
EUFI 53-EUFI 80 
-Melotic Spot Assays- 




(Hapboid Selection - Lysine) 
B 
Hap bid Selection 	 Meiotic Chromosome Missegregation 
Wild type 
yp101 7cLi 
(Haploid Selection - Adenine) 
Figure 5.7: Example of spot plate assay results for the meiotic gene 
conversion and chromosome missegregation assays. 
The meiosis spot assays were performed using sporulation cultures whose sporulation 
efficiency was calculated to calibrate the volume of culture required to use as a neat 
concentration. This calibration was necessary to make sure that all cultures had equal 
amounts of tetrads present, and serial dilutions could be prepared. 
The EUF153 - EUF180 diploid strain cannot grow without lysine supplemented media 
unless gene conversion occurs between two heteroalleles of the LYS2 gene (Figure 5.5). 
Meiotic gene conversion was tested by plating serial dilutions of meiotic cultures onto haploid 
selection and hapboid selection without lysine plates. For the hapboid selection plate dilutions 
from 1 O to 1 O are represented here. For the meiotic gene conversion plate dilutions from 
neat to 1 -2  are representeci here. 
The EUF153 - EUF180 diploid strain is adeZ on chromosome XV for both copies of the 
gene; however one copy of the ADE1 gene is disrupted by an ADE2 gene. Therefore the 
diploid strain can grow without adenine but haploid spores should not be able to grow, 
unless missegregation of Chromosome I occurs (Figure 5.6). Chromosome missegregation 
was assessed by plating serial dilutions of meiotic cultures onto haploid selection and 
haploid selection without adenine plates. For the haploid selection plate dilutions from 1 O to 
10 are represented here. For the meiotic chromosome missegregation plate dilutions from 












Figure 5.8: Assessment of YPLOI7C DNAPIS mutant in K8409 
background for meiotic chromosome misseg regation. 
The K8409 strain has a URA3 locus, 35 kb away from the centromere of chromosome V that 
has tandem arrays of the Tet operator which bound a Tet repressor-GFP fusion protein. This 
permitted detection of chromosome V segregation into the four meiotic products by 
fluorescence microscopy. The K8409 strains were plated onto sporulation plates then fixed 
with ethanol and stained with DAPI. Images were captured at 1000x magnification. 
A typical wild type cell has even distribution of DAPI staining and a single GFP dot per 
spore, indicating that segregation of chromosome V has occurred normally during meiosis. 
An example of chromosome V missegregation observed for the YPLO17C DNAPIS 
mutant, two GFP dots are present in one spore, whereas another spore does not contain a 
GFP dot. 
Another example of chromosome V missegregation observed for the YPLO17C DNAPIS 
mutant, two spores contain GFP dots whereas the other two do not have a GFP dot. Ideally 
one would expect to see two dots but in most cases the two GFP dots cannot be resolved. 
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5.3 Discussion of the Initial Assessment of DNAPIS Mutants 
for DNA processing Phenotypes 
5.3.1 Summary of Mitotic DNA Processing Phenotype Screen 
The DNAPIS mutants were tested for hypersensitivity to MMS, X-rays and HU. 
The results of the assays are presented in Table 5.1 and Figures 5.1, 5.2 and 5.3. 
In the last five years, the S. cerevisiae gene deletion library has been used in a 
number of genome-wide screens in an aim to discover the genes required for DNA 
processing events in response to DNA damage and inhibition of DNA replication. 
The first genome-wide screen for genes required for resistance to DNA damage was 
performed by Bennett et al. (2001). This study used ionizing radiation (IR) as an 
initial screen, and then assessed the mutants that were hypersensitive to IR for 
hypersensitivity to other agents including NMS and HLJ. A more recent study 
assessed the deletion library for sensitivity to X-rays (Game et al., 2005). Another 
genome-wide screen used MMS as the primary DNA damaging agent, and then 
screened the MMS hypersensitive mutants for hypersensitivity to IR, UV and HU 
(Chang et al., 2002). Additionally, a genome-wide screen that assessed twelve 
different chemicals including HIJ has been performed recently (Parsons et al., 2004). 
Therefore the genome-wide hypersensitivity screens that have been performed for X-
rays, MMS and HU were used as a comparison to assays performed in this project. 
Furthermore, due to the presence of these and other genome-wide screens based on 
mitotic DNA processing, not a lot of emphasis was placed on mitotic DNA 
processing in this project. Instead, the mitotic screens were used more as a positive 
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control for the DNAPIS selection method, which was devised to select genes with an 
implied role in DNA processing. 
Five of the DNAPIS mutants showed hypersensitivity to MMS (mms22A, vid2l4, 
deflA, psy3A and rtt101A). The MMS hypersensitivity of these five mutants is 
supported by the two genome-wide screens discussed above (Bennett, 2001; Chang 
et al., 2002). As explained in section 5.1.1, MMS causes replication blockage and 
potentially replication fork collapse by modifying guanine and adenine bases by 
alkylation. The PSY3 and RTTJOJ DNAPIS mutants were not sensitive to X-rays, 
this observation is supported by the fact that this phenotype was only detected by 
Chang et al. (2002), who used MMS as the primary DNA damaging agent, and then 
screened the MMS hypersensitive mutants for hypersensitivity to IR, UV and HU. 
Recently PSY3 has been shown to be sensitive to Cisplatin a chemical that is used 
for chemotherapy (Wu et al., 2004). Cisplatin is a platinum based chemical that can 
create covalent crosslinks between bases on the same strand (intrastrand) or on 
complementary strands (interstrand) (Wozniak and Blasiak, 2002). This event leads 
to replication blockage and the formation of single or double strand DNA breaks. As 
stated in section 5.1.2 NMS is a DNA alkylating agent that can give rise to 
replication blockage and DNA breaks, in a similar fashion to that of Cisplatin. X-rays 
on the other hand form spontaneous DNA breaks and it is conceivable that these two 
types of DNA damage would require a different repair response. Recently, Psy3 
protein has been shown to form a complex with three other proteins (Csm2, Shul and 
Shu2) (Shor et al., 2005). Each subunit of the Psy3 complex is required for the repair 
of DNA lesions caused by MMS (Chang et al., 2002). Furthermore, mutations in 
each gene encoding a subunit of the Psy3 complex was found to have an epistatic 
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relationship with rad52J, which is strong evidence that these genes are involved in 
homologous recombination repair of DNA lesions caused by MMS and Cisplatin 
(Shor et al., 2005). From PSI-BLAST alignments (Altschul et al., 1997) of the Psy3 
complex proteins, it is clear that they do not have homologues in other organisms 
except within the ascomycetes. Therefore there is either a high degree of divergence 
between S. cerevisiae Psy3 complex proteins and other organisms, or the function of 
the Psy3 complex is performed by other proteins. Due to the lack of homology, there 
is also a lack of identifiable motifs within the Psy3 complex subunits, biochemical 
analyses, as well as crystallography and 3-D structure determination will provide 
clues into its actual molecular function. 
RTTJOJ was firstly discovered as a gene required for suppressing 
retrotransposition (Scholes et al., 2001). A very recent study has shown that the 
hypersensitivity of rttl Olzi to MMS is synergistic to both non-homologous end 
joining and homologous recombination repair pathways (Luke et al., 2006). Another 
research group have proposed that RTTJOJ is epistatic with another DNAPIS gene 
namely MMS22 (see below) for the repair of DNA damage induced by Etoposide. 
Etoposide increases levels of Topoismerase II mediated DSBs by inhibiting its re-
ligation activity (Sabourin et al., 2003). To support this finding it has recently been 
said that Rtt101 forms a complex with Mms22 and Mmsl although data has not yet 
been presented (Luke et al., 2006). Deletion of RTTJOJ was also found to cause a 
delay midway through anaphase, this delay is bypassed when the DNA damage 
checkpoint is absent (by deletion of RAD9) (Michel and Xiong, 1998). Therefore this 
shows that the DNA damage checkpoint is triggered during anaphase in a RTT101 
mutant and suggests that the gene is required for genome integrity. In addition to the. 
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preliminary report that Rtt101 forms a complex with Mms22 and Mmsl, Rtt101 was 
found to be a subunit of an uncharacterised ubiquitin ligase (Michel and Xiong, 
1998). Discovery of Rtt101 ubiquitin ligase substrates will provide key information 
about its function in response to DNA damage. Interestingly according to PSI-
BLAST alignment, the Rtt101 protein is highly conserved and has a closely related 
human homologue, CUL-4B which is also involved in response to DNA damage (Ru 
et al., 2004). 
Four of the DNAPIS mutants showed hypersensitivity to X-rays (mms22A, 
vid21A, def14 and rad614). Three of these DNAPIS genes (MMS22, VID21 and 
DEF]) were shown to be required for normal resistance to both X-rays and MMS. 
These three mutants were also hypersensitive to hydroxyurea, that as stated in 
Section 5.1.3 is responsible for slowing the progression of DNA replication and can 
cause replication fork collapse. The results presented here are consistent with other 
DNA damage sensitivity screens (Bennett et al., 2001; Chang et al., 2002). Mutants 
for each of these three genes were also found to be sensitive to TJV, bleomycin and 
camptothecin (Bennett et al., 2001; Chang et al., 2002). UV is known to form 
pyrimidine dimers resulting in SSBs and DSBs (Torres-Ramos et al., 2002) 
Bleomycin causes DSBs by stimulating cleavage within DNA deoxyribose, 
analogous to DNA damage caused by hR (Levin and Demple, 1996). Camptothecin 
causes topoisomerase I (an.enzyme that relieves tension resulting from supercoiled 
DNA by cleaving and resealing the phosphodiester backbone of on a single DNA 
strand (Wang, 1996)) to be trapped onto the DNA (topol-DNA). DSBs are formed 
when DNA polymerase reaches the topol-DNA complex and the replication fork 
collapses (Wu et al., 2002). Due to their mutants' hypersensitivity to a wide range of 
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agents that compromise DNA processing, it can be said that these three genes are 
involved in general protection against DNA damage. 
During this work, MMS22 was found to function within a novel DNA repair 
pathway. The hypersensitivity of the mutant to NMS and LIV was synergistic to 
nucleotide excision repair/non-homologous end joining (RAD] and RADiO), post-
replication repair (RAD6 and RAD18) and homologous recombination (RAD52) 
(Araki et al., 2003). Another study found that Mms22 was acting independently from 
the single-strand invasion homologous recombination pathway (RAD51, RAD52, 
RAD54, RAD55 and RAD57) to repair DSBs induced by topoisomerase II in the 
presence of etoposide (Baldwin et al., 2005). Very little is known about this 
alternative DNA repair pathway, however three genes have been proposed to have an 
epistatic relationship with MMS22, namely MMSJ (Araki et al., 2003), RTTJOJ 
(DNAPIS gene, discussed above) and RTT107 (Baldwin et al., 2005), this supports 
the report that Mms22, Rtt101 and Mmsl form a complex (Luke et al., 2006). It is 
very important to assess the function of Mms22 (as well as Mmsl, Rtt101 and 
Rtt107) further to try and discover how these proteins repair damaged DNA and how 
their repair mechanisms are regulated. Mms22 is conserved within the ascomycetes, 
and has homology to an uncharacterised Xenopus laevis (African Clawed frog) 
protein (Q32N15) according to a PSI-BLAST alignment. The Q32N15 protein has an 
AAA ATPase domain that is common to many DNA binding proteins including 
members of the RecA recombination protein family (e.g. Rad5l and Dmcl see Table 
1.1). This homology could provide insight into the function of Mms22, so should be 
investigated further. 
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Prior to this work, Defi was found to form a complex with Rad26 which is 
required for transcription coupled DNA repair (TCR). When DNA damage occurs in 
a transcriptionally active region the Defi -Rad26 complex is required to signal for 
ubiquitination of the RNA polymerase II which stimulates its subsequent 
degradation. This allows the DNA repair machinery to access and repair the damaged 
region (Somesh et al., 2005; Woudstra et al., 2002). Therefore, one could argue it has 
been characterised for a DNA processing phenotype. However it has been stated that 
Dell was likely to have other roles in other cellular processes as only a minor 
fraction of the protein associates with Rad26 via immunoprecipitation (Woudstra et 
al., 2002). Further discussion of this gene is presented in Chapter 6. 
Concurrently with my research, Vid2 1 was found to be a novel component of the 
histone acetyltransferase (HAT) NuA4, which is required for bulk H4 histone 
acetylation (Krogan et al., 2004a). Two other mutants for NuA4 subunits have been 
shown to be sensitive to NMS and campothecin, namely ESA] and YNG2 (Bird et 
al., 2002; Choy and Kron, 2002). Due to the campothecin sensitivity it has been 
predicted that the HAT is required for replication coupled repair of DSBs (Game et 
al., 2005). It was also shown that vid2lzl is hypersensitive to benomyl, a chemical 
that depolymerises microtubules resulting in inhibition of chromosome segregation 
(Krogan et al., 2004a). Furthermore, overexpression of two inner kinetochore genes 
(CTF13 and CBF2) causes an increase in chromosome loss during mitosis in a 
vid2lA strain (Baetz et al., 2004). Therefore, histone acetylation by the NuA4 
complex appears to be involved in the normal cellular responses to DNA damage and 
faults during chromosome segregation. Further discussion of this gene is presented in 
Chapter 6. 
165 
Chapter Five: Initial Assessment of DNAPIS Mutants for a Role in DNA Processing 
The RAD61 deletion mutant was not sensitive to MMS in my study, which is 
supported by Chang et al. (2002) (MMS screen). However, Bennett et al. (2001) (JR 
screen) report that mutation of RAD6J causes MMS mild hypersensitivity. The 
concentration of NMS used here, by Chang et al. (2002) and by Bennett et al. (2001) 
was the same. Perhaps the method of scoring MMS sensitive strains by Bennett et al. 
(2001) allowed better resolution between mutants that have mild hypersensitivity and 
those that have wild type tolerance. Little is known about the function of RAD61, 
however it has genetic .interactions with a number of genes involved in chromosome 
segregation (IML3, CHL4, MCM21, BIMJ, CHL1, CTF19 and MCM16) (Measday et 
al., 2005; Tong et al., 2004). It would be interesting to assess what role RAD61 plays 
in chromosome segregation. Finally, it should be noted that according to a PSI-
BLAST alignment, Rad6l is only conserved within the ascomycetes. 
In addition to the three DNAPIS mutants sensitive to HIJ, MMS and X-rays 
(mms22A, vid2lzl, def14) there were another nine mutants shown to have an 
increased sensitivity to HU (Table 5.1 and Figure 5.3). The sensitivities presented 
here were observed in at least one previous genome-wide screen (Begley Ct al., 2004; 
Bennett et al., 2001; Chang et al., 2002; Game et al., 2005; Parsons et al., 2004), with 
the exception of three mutants that show mild sensitivity to HU, sgJ734, swc5zl and 
rmdllzl. These phenotypes were confirmed as both independent haploid W303 
deletion constructs consistently showed the same effects. Here I will only discuss the 
one gene that was not found to have mutant meiotic DNA processing phenotype. 
SWC5 was found to have slight increases in sensitivity to HU. The SWC5 gene 
has recently been shown to be a component of an ATP-dependent chromatin 
modelling complex, the Swrl complex (Krogan et al., 2004b). This complex is 
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required for the replacement of histone H2A with histone H2A.Z (Kobor et al., 
2004). The H2A.Z histone is known to prevent the spreading of silent chromatin 
(heterochromatin) to euchromatin regions (Santisteban et al., 2000). Therefore the 
hypersensitivity to HU could be a result of an increase of heterochromatin causing 
the accessibility of the DNA to the DNA replication machinery to be impaired. 
Although Swc5 is known to part of the Swrl complex its molecular function within 
the complex is not known, however it is a member of a conserved protein family 
known as the craniofacial development protein family. Therefore study of Swc5 may 
give insight into further links between epigenetics and cellular development. 
Finally, the hurlA DNAPIS strain was found to have decreased viability upon 
exposure to HU. However, the deletion cassette used during the initial experimental 
screen also disrupts the C' region of a gene transcribed in the opposing direction, 
namely PMRJ. Therefore it was unclear whether the hypersensitivity to RU observed 
was due to disruption of HURl or partial disruption of PMRJ. This phenotype as 
well as their meiotic phenotypes was assessed further, the results of this are 
presented in section 6.2. 
In summary, 14/8 1 (17.3%) DNAPIS genes were found to have a mutant 
phenotype from the mitotic assays used. These observations show that the DNAPIS 
selection strategy was successful in determining genes with a role in DNA 
processing. 
If one looks at the data more closely it shows that 12/20 (60%) genes from 
Category A (genes with more than two genetic interactions with DNAP genes), 1/13 
(7.7%) genes from Category B (genes with one genetic interaction and one or more 
protein interactions with DNAP genes whose genes are co-expressed), 1/24 (4.2%) 
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genes from Category C (genes with greater than one protein interaction with DNAP 
genes whose genes are co-expressed) and 0/24 genes from Category D (genes with 
less than one interaction with co-expression). This result shows that there is a far 
greater probability of observing a mutant DNA processing phenotype in mitosis for 
genes that are reported to have two or more genetic interactions with DNA 
processing genes rather than physical interactions. 
5.3.2 Summary of Meiotic DNA Processing Phenotype Screen 
To screen the DNAPIS genes for a meiotic DNA processing phenotype a number 
of tests were performed including assessment of meiotic nuclear division, meiotic 
gene conversion levels and chromosome segregation during meiosis. 
Six DNAPIS mutants were found to lack or have highly reduced levels of nuclear 
division during meiosis (vid2lzl, brelA, sgJ734, rmdll4, deflA, and igelA). During. 
this work the phenotype observed for these strains was supported by a genome-wide 
screen for genes required for sporulation (Enyenihi and Saunders, 2003). These 
mutants were assessed further and results are discussed in Chapter 6. 
Using the EIJF153 and EUF180 strains it was shown that three mutants had at 
least four times higher levels of missegregation in meiosis compared to the wild type 
(Table5.2, sohiA, mms22A and yp101 7cA). However, when analysing the segregation 
of GFP bound to chromosome V during meiosis in the K8409 SKi background, only 
one mutant (yp101 7cA) was found to have significantly high levels of chromosome 
missegregation (Figure 5.8). This mutant had the most notable increase of adenine 
auxotrophs being more than 30-fold greater than the EUF153-EUF180 wild type. 
FM 
Chapter Five: Initial Assessment of DNAP!S Mutants for a Role in DNA Processing 
Little is currently known about YPLO] 7C, but with PSI-BLAST analysis the gene 
is part of a family of dehydrogenases that includes genes of higher eukaryotes 
including homo sapiens and according to a search on the Global Proteome Machine 
(Craig et al., 2004) has a methyltransferase domain. It is not clear why a 
dehydrogenase/methyltransferase would be required for chromosome segregation. 
Methyltransferases are known to modify RNA, DNA and histones in yeast, and by 
these functions, regulate gene expression and translation (Trievel, 2004). Perhaps it 
could be involved in regulation of expression of genes involved in chromosome 
segregation. Another explanation of the observed phenotype is that mutation of 
YPLO] 7C has also effected the translation of CTF19, which is present upstream to 
YPLO] 7C in opposing orientation. This gene is a component of the outer kinetochore 
and is required for chromosome segregation during mitosis (Hyland et al., 1999; 
Ortiz et al., 1999; Spencer et al., 1990). Although the gene deletion of YPLOJ 7C does 
not interfere with the open reading frame of CTF19, it could still interfere with the 
expression of CTF19 and thus give rise to chromosome missegregation. Regardless 
to the result of further analysis, YPLO] 7C was identified to have a meiotic DNA 
processing phenotype and shows the success of the selection strategy used in this 
project. 
Three DNAPIS mutants (Table 5.2, sohlzl, bre54 and yg1250wzi) were found to 
lower meiotic gene conversion levels in comparison to the wild type. The YGL250W 
mutant had the mildest phenotype, reducing meiotic gene conversion levels by 
approximately 6-fold and both SOH1 and BRE5 showed more than a 250-fold 
reduction. 
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YGL250W has been reported to have synthetic lethal genetic interactions with 
CDC7 and MCDJ/SCCJ (Tong et al., 2004) (Figure 2). Interestingly Cdc7 is required 
for recombination and synaptonemal complex formation during meiosis (Patterson et 
al., 1986), therefore YGL250W could be functioning in conjunction with this gene 
during meiosis. No higher eukaryote homologues of Yg1250w were found using PSI-
BLAST, however there is a known UME6 binding site upstream to the gene 
(Harbison et al., 2004). UME6 is a transcription factor responsible for the induction 
of early meiotic genes including genes involved in meiotic recombination (Steber 
and Esposito, 1995). Additionally it has been shown by yeast two-hybrid that 
Yg1250w and Sohi interact with each other and their corresponding genes are co-
expressed. Both YGL250W and SOHJ were shown here to be required for normal 
levels of meiotic gene conversion. It would be of interest to assess whether these two 
genes are within the same epistatic group with respect to meiotic gene conversion. 
SOHJ was first discovered as a gene that suppressed the hyper-recombination 
phenotype of hprlzi in mitosis (Fan and Klein, 1994). It was recently found to be a 
component of the Mediator complex that stimulates gene transcription by 
transmission of regulatory signals from transcription activators to RNA polymerase 
II (Guglielmi et al., 2004). From PSI-BLAST analysis this gene is highly conserved 
and a homologue exists within the human genome (MED31). In addition to being 
required for normal levels of meiotic gene conversion, SOHJ has a number of 
genetic interactions with genes required for DNA replication and repair, and the 
sohiA mutant was observed to have sensitivity to HU (Table 5.1, Figure 5.3). It is 
currently unclear whether the Mediator complex is also required for regulation of 
DNA replication or recombination. Perhaps Sohi couples transcription with DNA 
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processing events such as DNA repair and recombination. Another possibility is that 
Sohi also functions separately from the Mediator complex as it has also been 
reported to interact with Rad5 (Fan and Klein, 1994), which is involved in post-
replicative repair (Torres-Ramos et al., 2002). It would be interesting to assess the 
interaction with Rad5 and the effects of the SOHJ mutation further. 
The other protein found to be required for normal levels of gene conversion 
during meiosis was Bre5. Bre5 has been shown to form a complex with ubiquitin 
protease Ubp3 that is required for the de-ubiquitination of subunits of coat protein 
complexes I and II that are involved transport between the endoplasmic reticulum 
and Golgi apparatus (Cohen et al., 2003a; Cohen et al., 2003b). BRE5 has been 
reported to have genetic interactions with genes such as SMIJ, SKT5, FKSJ, HOC] 
and CHS3 that are all involved in cell wall organisation and biogenesis (Tong et al., 
2004). However here the gene was selected for its genetic interactions with a number 
of DNA processing genes including CSM3, ELGJ, TOP], CTF4 and BIM] (Bellaoui, 
2003; Tong Ct al., 2004), therefore it is conceivable that BRE5 functions in a number 
of cellular pathways, one of which is DNA processing. Interestingly, the ubiquitin 
protease gene, UBP3 has been reported to have genetic interactions with a number of 
the DNA processing genes reported to interact with BRE5. Perhaps the Ubp3-Bre5 
complex is required for de-ubiquitination of proteins required for DNA 
replicationlrecombination. This is supported not only by the fact that it was shown to 
affect meiotic gene conversion levels, the mutant was also shown to be slightly 
hypersensitive to HU (Figure 5.1). Bre5 contains a nuclear transport domain, and 
according to a PSI-BLAST search the Bre5 protein is a highly conserved protein and 
whose human homologue has DNA helicase activity, providing another potential link 
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with DNA processing. Therefore, further analysis of BRE5 could prove to be 
informative not only for further understanding of DNA processing in yeast, but in 
human too. 
From the meiotic DNA processing screen of the DNAPIS mutants 3/81 (3.7%) 
mutants were found to have decreased meiotic gene conversion levels, at least one 
(1.2%) mutant was found to have increased chromosome missegregation and 6/81 
(7.4%) mutants were found to be required for normal levels of meiotic nuclear 
division. All these mutants were Category A selected DNAPIS genes with the 
exception of one gene from Category B (RMDJ]). 
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5.3.3 Conclusions from DNA Processing Phenotype Screen 
From the initial DNA processing mutant phenotype screen of the DNAPIS 
mutants 16/81 (20%) were found to have at least one mutant DNA processing 
phenotype. This figure is at least 100-fold higher than would be expected from a 
screen that assessed all of the 2360 genes with an unknown molecular function or 
biological process. 
None of the 24 mutants of Category D were fruitful with respect to observing 
DNA processing phenotypes. For Category A, 14/20 (70%) of mutants were found to 
have a DNA processing phenotype. For Category B, 1/13 (7.7%) and Category C, 
1/24 (4.2%) mutants had a DNA processing phenotype. 
This result shows that there is a far greater probability of observing a mutant 
DNA processing phenotype for genes that are reported to have two or more genetic 
interactions with DNA processing genes, rather than being reported to have physical 
interactions alone. Therefore further genetic interaction analyses in yeast will be very 
beneficial in helping characterise genes and genetic pathways. In fact, very recently a 
genome-wide genetic interaction screen using 74 query genes involved in various 
mechanisms required for maintenance of genome integrity was performed (Pan et al., 
2006). This screen has extensively covered genes required for the integrity of the 
genome, and has also provided great insight into what genes are required for specific 
DNA processing pathways during mitosis. 
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CHAPTER SIX 
Focussed Assessment of 
DNAPIS Mutants for a Role in 
DNA Processing 
6.1 Further Assessment of DNAPIS Mutants with Low Levels 
of Nuclear Division during Meiosis (NDM) 
Six DNAPIS mutants were found to have no or low levels of nuclear division 
during meiosis in the EUF153/180 diploid background (VID21, BRE], SGF73, 
RMDJJ, DEF], and LGEJ). These genes were collectively known as NIDM uclear 
Division during Meiosis). Mutation of the NDM genes was explored further to assess 
what stages of meiosis are affected. The SKi strain background was used to assess 
DNA replication, sister chromatid cohesion, recombination and homologous 
chromosome synapsis during meiosis. 
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6.1.1 Assessment of Pre-meiotic DNA Replication 
The NDM mutants do not have normal levels of nuclear division during meiosis 
therefore the first question was do they progress through the pre-meiotic DNA 
replication normally? 
This question was answered by assessing the progression of meiosis for the NDM 
mutants in a pure SKi background (Table 2.7). SKi is a sporulation proficient strain 
that can be synchronised for entry into the meiotic cell cycle (see section 2.2.3.2). 
Time course samples were taken for synchronised meiosis cultures for the wild type 
and each NDM strain. Each sample was prepared using the method described in 
section 2.3.10 for analysis via fluorescent activated cell sorting (FACS) and meiotic 
nuclear division was also assessed by fluorescent microscopy (DAPI staining, section 
2.4.5). 
The pre-meiotic DNA replication results and levels meiotic nuclear division are 
summarised in Figure 6.1 and the actual FACS profiles are presented as Figure 6.2. 
A synchronous culture of wild type SKi begins pre-meiotic DNA replication almost 
immediately after transferral to complete starvation conditions and 90% of the 
population of cells complete DNA replication between 5-6 hours (Figure 6.1 A and 
6.2). Additionally, 90% of wild type cells complete the first meiotic nuclear division 
by between 9-10 hours (Figure 6.1 B). 
In the rmdlL4 strain, initiation of pre-meiotic DNA replication is delayed by 
approximately 3 hours, but proceeds with normal speed thereafter. The fact that 
DNA replication is not completed by 90% of the population until between 11-12 
hours is most likely due to some cells loosing synchrony to the rest of the population 
(Figure 6.1A). Meiotic nuclear division occurred with a similar delay, and then 
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subsequently proceeds at a similar rate to wild type. In contrast to the strong 
reduction in meiotic nuclear divisions observed in the EUF153-EUF180 background 
(Table 5.2 and Figure 5.4), nuclear division in the rmdllzl SKi strain are not 
reduced (Figure 6.1 B). From these observations, RMDJJ appears to be required for 
timely initiation of DNA replication in meiosis. 
The bre14 and 1ge14 strains have a delay in entry of approximately 3.5 hours 
(Figure 6.1 A) and pre-meiotic DNA replication of the population does not reach 90% 
until between 22 and 24 hours (Figure 6.1 B). Meiotic nuclear division observed for 
Abrel and Algel were below wild type levels only reaching 16% and 21% after 48 
hours respectively. 
The sgf734 and deflA strains do not show a clear delay in entry into pre-meiotic 
DNA replication however the strains do show a lengthened time of pre-meiotic DNA 
replication progression (Figure 6.1A). Additionally not all the cells in the population 
complete pre-meiotic DNA replication, this could be attributed to an arrest of cell 
cycle prior to meiosis. The meiotic nuclear divisions for sgf734 and deflA were also 
below the wild type levels reaching 27.5% and 35% after 48 hours respectively 
(Figure 6.1 B). 
Initiation of pre-meiotic DNA replication was not detected in the vid21A strain. 
This observation may be due to the fact that vid21A cells failed to enter meiosis. The 
vid214 strain grew very slowly in pre-meiotic growth conditions and 'as a result a 
majority of the cells within the culture may have arrested prior to entry into the 
meiotic cell cycle. Results presented in section 6.1.2 support this hypothesis. 
With the exception of vid21A the NDM mutants in the SKi background formed 
tetrads. The tetrads for each strain were dissected and assessed for spore viability, .the 
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results are summarised in Table 6.1. With the exception of rmdl 14 sporulation 
efficiency in the SKi background was very low compared to the wild type. In 
addition all strains except rmdl 14 had a spore viability at least 15% below that of the 
wild type. The defl4 mutant had the most notable decrease in viability of nearly 
60%. 
Table 6.1 Sporulation efficiency and spore viability of NDM mutants in the 
SKI background 
Gene Name 	Gene Alias 	
Selection 	Sporulation 	Spore Viability 
Category efficiency (%) * (%) ** 
Wild type 	 - 	 95.6 	 98.75 
YDL074C BRE1 A 9.6 72.5 
YDR359C VID21 A 0 NA 
YGL066W SGF73 A 14.7 83.75 
YKL054C DEF1 A 10.3 40 
YPL055C LGE1 A 11.4 78.75 
YHL023C 	RMD11 	B 	 80.6 	 93.75 
* At least 1000 cells were counted to calculate the sporulation efficiency. 
** A minimum of 80 tetrads were dissected for each strain. 
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Figure 6.1: Pre-meiotic DNA replication and meiotic nuclear division 
analysis of synchronised SKI strains. 
Summary of FACS analysis data. The graphs were prepared by measuring the 
proportion of cells within the synchronised population that had 4c DNA content. Refer to 
Figure 6.2 for the FACS profiles for each strain and the definition of the 4c population 
measured. 
Samples of sporulation cultures were fixed and stained with 4',6-Diamidino-2-










































Figure 6.2: FACS profiles of pre-meiotic DNA replication of 
synchronised SKI strains. 
These FACS profiles were used to calculate the progression from 2c to 4c during meiosis. 
The 2c and 4c populations are defined in the wild type profile at the 2 hour time point. The 2c 
population are diploid cells prior to pre-meiotic DNA replication and the 4c population have 
completed pre-meiotic DNA replication. 
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6.1.2 Assessment of IMEI Gene Expression 
Ime 1 is a transcriptional activator required for the expression of most early 
meiosis-specific genes (Mandel et al., 1994; Smith et al., 1993). IMEJ gene 
expression is known to be barely detectable during vegetative growth and highly 
induced during starvation conditions (meiosis) which is followed by a gradual 
repression of expression as meiosis completes (Shefer-Vaida et al., 1995). 
It could be possible that the pre-meiotic DNA phenotypes observed for the NDM 
mutants in section 6.1.1 are due to problems prior to meiotic cell cycle initiation. 
IME] gene expression can be used to assess whether the meiotic cell cycle has been 
initiated. Therefore SKi strains transformed with a plasmid carrying a LacZ reporter 
gene under the control of the IME] promoter sequence were used to assess the level 
of IME] expression when strains were exposed to starvation conditions, results are 
summarised in Figure 6.3. 
Three mutant strains namely, rmdllA, brelA and igelA showed similar IMEJ 
expression levels and timing to the wild type. Therefore although these mutants show 
a delay in initiation and in the case of brelA and igelA a delay in progression of pre-
meiotic DNA replication, normal expression of the key transcriptional activator of 
the meiotic cell cycle (IMEJ) is observed. Therefore these pre-meiotic DNA 
replication phenotypes cannot be attributed to an abnormal entrance into the meiotic 
cell cycle. 
The deflA strain showed lower IME] expression levels in comparison to the wild 
type. Although the level of expression observed from the deflA population is on 
average 1.5-fold lower than the wild type, the expression pattern of the strain is very 
similar. A proportion of the population of the deflA strain failed to exhibit 
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completion of pre-meiotic DNA replication (Figure 6.1 and Figure 6.2), perhaps this 
proportion of cells fail to enter the meiotic cell cycle and this would account for the 
reduction in IMEJ expression level compared to the wild type. 
The sgJ734 strain also showed lower IMEJ expression levels in comparison to 
the wild type. As for the defl4 strain, a proportion of the population of the sgJ734 
strain failed to exhibit completion of pre-meiotic DNA replication (Figure 6.1 and 
Figure 6.2). However, unlike the deflA strain, the sgJ734 population show a delay in 
expression of IMEJ and on average a 4-fold decrease of expression per time point 
compared to the wild type. Therefore, the sgf734 mutation may affect the timely 
entrance into the meiotic cell cycle, and the slowed progression of pre-meiotic DNA 
replication may be a downstream effect of this. 
Pre-meiotic DNA replication did not initiate in the vid2lA strain. Expression of 
IMEJ in this strain was extremely low. This indicates that the cells in the population 
arrest prior to entry into meiosis, and therefore the failure to undergo pre-meiotic 
DNA replication is a downstream effect in this mutant background. 
From analysis of IMEJ expression it appears that the pre-meiotic DNA 
replication phenotypes observed in at least two of the NDM mutants namely, vid2lA 
and sgf734 are due to aberrations prior to the initiation of the meiotic cell cycle. 
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Figure 6.3: IMEI expression analysis. 
Synchronised sporulation cultures were measured for expression of LacZ under the control 
of the IME1 promoter. Cell samples for each time point were broken open and used to 
assess the level of 3—galactosidase activity during meiosis. See section 2.5.2 for a detailed 
description of the methods used. 
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6.1.3 Assessment of NDM meiotic phenotype in the absence of meiotic 
recom bi nation. 
With the exception of the RMDJJ mutant, the NDM mutant strains had low 
levels of meiotic nuclear divisions in the SKi strain. It was of interest to test whether 
the reduction in meiotic nuclear division of these strains was due to inefficient repair 
of double strand breaks formed by Spoil during prophase I. Spoil is an 
endonuclease that is exclusively expressed during early stages of meiosis and is 
responsible for the double strand breaks (DSBs) required for meiotic recombination. 
Therefore the NDM gene mutations were assessed in a spollA spol3zl 
background to assess whether their nuclear division and sporulation phenotypes 
could be bypassed in the absence of meiotic recombination. A SP013 mutation was 
used in addition to the SPOil mutation as the background strain also enables spore 
viability to be assessed. In a spollA single mutant background, homologous 
chromosomes fail to synapse and therefore during meiosis I chromosomes segregate 
randomly and result in tetrads that have very low spore viability. In a spol34 
background, only a single equational division (meiosis .11) separating the sister 
chromatids occurs. This results in the formation of diploid dyads. Therefore in a 
spollA spol3A background dyad spores have a high viability as they do not attempt 
to undergo meiosis I. 
If the nuclear meiotic division phenotype of the NDM mutant is bypassed in the 
spollA spol3A background it would suggest that the low levels of meiotic nuclear 
division are caused by the inability to efficiently repair the DSBs formed by Spoil. 
However none of the mutants appeared to have improved sporulation efficiency or 
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spore viability (Table 6.2). Therefore their phenotype cannot be attributed solely an 
inability to repair meiotic DSBs. 
Table 6.2 Sporulation efficiency and spore viability of NDM mutants in the 
SKI spollzi spol3ti background 
Gene Name 	Gene Alias 	
Selection 	Sporulation 	Spore Viability 
Category efficiency (%) (%) 
Wild type 	 - 	 88.1 	 87.5 
YDL074C BRE1 A 5.9 70 
YDR359C VID21 A 0 NA 
YGL066W SGF73 A 14.5 80 
YKL054C DEF1 A 8.2 40 
YPL055C LGE1 A 11.5 70 
YHL023C 	RMD11 	B 	 70.4 	 70 
6.1.4 Immunocytological Assessment of Sister Chromatid Cohesion and 
Homologous Chromosome Synapsis of the NDM mutants 
To further assess the NDM mutant phenotypes in meiosis (with the exception of 
vid2lA), immunocytology of meiotic nuclear spreads were assessed for sister 
chromatid cohesion and homolog synapsis using antibodies against the meiosis 
specific cohesin subunit Rec8, and Zipi a central' element of the synaptonemal 
complex. See section 2.5.1 for details of the preparation method used. 
As explained in the introduction (section 1.3.1), during DNA replication, 
cohesion is established between the newly formed sisters starting from the origins of 
replication then associates along the chromatid arms as replication progresses. 
184 
Chapter Six: Focussed Assessmen( of DNAPIS Mutants for a Role in DNA Processing 
Analysis of cohesin (Rec8) on chromosomes from meiotic nuclear spreads can 
therefore be used to assess the progression of pre-meiotic DNA replication as well as 
cohesion itself. Using cytology, sister chromatid cohesion is seen as the formation of 
structures known as axial elements that firstly begin as foci along replicating 
chromosomes (Figure 6.4). The formation of axial elements represents the entry into 
prophase I and double strand breaks formed by Spoil occur along the chromatids 
(leptotene). Then homologous chromatids become associated and 3' overhangs 
resulting from the resection of the double strand breaks invade the homologous 
chromatids for repair (zygotene). This intimate association of homologous 
chromatids is coupled with the initiation of synaptonemal complex formation, which 
eventually results in full synapsis of homologous chromosomes (pachytene). 
- Therefore immunocytological analysis of Zip 1 can be used to assess the progression 
of synaptonemal complex formation during meiosis. See figure 6.4 for an example of 
each cytological stage described. 
With reference to the slowed initiation and progression of pre-meiotic DNA 
replication observed for the NDM mutants via FACS, as expected all mutants 
showed slowed axial element formation (Rec8) and chromosome synapsis (Figure 
6.5). 
Additionally each strain had high numbers of nuclei with Zip 1 polycomplexes 
which is an indication of irregular progression of meiotic DNA processing (Figure 
6.6). 
The most interesting cytological phenotype observed was for the deflA mutant. 
Nuclear spreads showed that synapsis between homologs was inefficient. Long axial 
elements appeared to be aligned but Zipi had not efficiently loaded onto the 
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chromosomes to stimulate synapsis (Figure 6.7). Instead Zipi formed discrete foci 
that could be assumed to correspond to regions of homologous recombination. 
Therefore it could be suggested that inefficient synapsis was associated with a defect 
in meiotic DSB repair. This immunocytological observation termed 'aligned axes' 
was not observed when analysing the wild type meiotic nuclear spreads. 
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Figure 6.4: Immunocytological stages of meiosis during pre-meiotic S-
phase and prophase I. 
Meiotic nuclear spreads are stained with DAPI and treated with fluorescent secondary 
antibodies that bind to Rec8-HA and Zipi primary antibodies used for immunocytology. The 
merged image of Rec8 (red) and Zipi (green) can be used to observe overlap between the 
two by the formation of an orange colour. 
Pre-meiotic DNA replication - Rec8 foci are associated with the chromosomal DNA 
corresponding to regions that have begun replication. The Zipi foci (white arrow) present are 
not overlapping with the Rec8 foci therefore Zipi is not yet associated with the forming 
chromatids. 
Leptotene - Short cohesin axial elements have formed. Additonally Zipi has just become 
associated with the chromatin as distinct foci. 
Zygotene - Axial elements lengthen and Zipi foci are prominent and the beginning of 
synapsis is evident. 
Pachytene - The homologous chromatids (long axial elements) are now completely 
synapsised. Note ribosomal DNA (rDNA) region does not synapse. 
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Figure 6.5: Immunocytological assessment of the NDM mutants. 
Meiotic nuclear spreads prepared from cultures synchronised for meiosis were stained with 
DAPI and treated with fluorescent secondary antibodies that bind to Rec8-HA and Zipi 
primary antibodies. At least 200 nuclei were counted for each time point. The wild type, 
rmdl 1 and sgf73J strains are represented here. 
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Figure 6.5 (Continued): Immunocytological assessment of the NDM 
mutants. 
The presented data above is from meiotic nuclear spread immunocytology of wild type, 
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Figure 6.5 (Continued): Immunocytological assessment of the NDM 
mutants. 
The presented data above is from meiotic nuclear spread immunocytology of wild type and 
def1L. Note the unique Aligned Axes' phenotype of deflLl that is represented in the Rec8 
graph. 
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Figure 6.6: ZipI polycomplex levels observed for the NDM mutants. 
Polycomplexes (PCs) of the synapsis central element protein Zipi were counted for all 
assessed time points for the wild type and NDM mutants. The graph represents the 
proportion of nuclei counted that had PCs for each strain. 
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Figure 6.7: Immunocytological assessment defizi meiotic nuclear 
spreads. 
Meiotic nuclear spreads are stained with DAPI and treated with fluorescent secondary 
antibodies that bind to Rec8-HA and Zipi primary antibodies used for immunocytology. 
(A) Example of a wild type nuclear spread at pachytene, the Synaptonemal Complex is fully 
developed (Zipi) and axial elements are long (Rec8). 
(B), (C), (D) and (E) Examples of defli meiotic nuclear spreads. As with the wild type axial 
elements are long, however synapsis is not near completion which always the case for the 
wild type. In (D) the PC represents a Zipi polycomplex that were observed in all NDM 
strains. (E) Synapsis was observed in the defli strain, however it is normally accompanied 
with a polycomplex and also Zipi bridges between non-homologous chromosomes. 
192 
Chapter Six: Focussed Assessment of DNAPIS Mutants for a Role in DNA Processing 
6.1.5 Assessment of mitotic DNA replication of the NDM mutants 
All six mutants were shown to have differing levels of sensitivity to HU during 
vegetative growth (Table 5.1 and Figure5.1) therefore it was of interest to assess the 
progression of mitotic DNA replication. 
This was done by releasing vegetative cells from alpha factor synchrony and 
assessing their progression from Gi to S phase via FACS analysis. Results from 
alpha factor release are summarised in Figure 6.8 and the actual FACS output is 
presented in Figure 6.9. The MATa strain EUF 153 was used for this analysis. 
Most of the wild type population completed DNA replication 30 minutes after 
release from alpha factor synchrony. Populations of the mutants for rmdll4, sgJ734, 
vid2lA, brelA and 1gel4 strains appeared to have a delayed Gi to S-phase transition 
(mitotic DNA replication initiation) with a majority of the population completing 
DNA replication over 40 minutes after release from alpha factor. This suggests that 
entry into S phase is delayed but not significantly slowed. It should be mentioned 
that with the exception of rmdllA, bud formation (cell cycle) was also delayed 
which suggests •that not just DNA replication is effected by these mutations in 
mitosis. Therefore although these strains are sensitive to HU and show a clear delay 
in initiation of DNA replication, their role in DNA processing may be indirect and/or 
they are required for multiple cellular/molecular processes. 
The deflJ mutant had a severe DNA replication phenotype in mitosis where 
initiation of S phase was delayed and progression was lengthened. However, more 
than 30% of cells failed to enter Gi during alpha factor synchronisation (Figure 6.8 
(B) and Figure 6.9 (E)), 11% of this population contained DNA content that was 
greater than two copies (> 2c) of the genome (Figure 6.9 (E)). This is due to cells 
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failing to divide efficiently prior to the initiation of another round of DNA 
replication. Approximately 20% of deflA cells were observed to have multiple 
budding sites and DNA appeared to be elongated (Figure 6.10). 
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Figure 6.8: Progression of DNA replication for the haploid NDM mutants 
released from alpha factor synchrony. 
Represents the proportion of cells that have two copies (2c) of the genome after release 
from alpha factor synchrony. The cells with both 2c and greater than 2c (> 2c) were counted 
for the defli mutant strain 
The budding index for each time point was counted to assess the success of the alpha 
factor treatment for imposing synchrony. At least 200 cells were counted per time point. 
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Figure 6.9: FACS profiles of mitotic DNA replication of the NDM mutants 
released from alpha factor synchrony. 
These FACS profiles were used to calculate the progression from ic to 2c during Gi to S 
phase transition. The ic and 2c populations are defined in the wild type profile at the 2 hour 
time point. The ic population are haploid cells prior to mitotic DNA replication and the 2c 
population have completed mitotic DNA replication. 
The population of cells in the profile of the def 14 strain that have greater than two copies are 
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Figure 6.10: Elongation phenotype of deflA observed during mitosis. 
Differential interference contrast (DIG) and fluorescent microscopy was used to assess the 
NDM mutants in mitosis. 1000x magnification was used. 
A wild type budding cell from a log phase culture. The DAPI stained DNA is still present 
in the mother cell and will later segregate evenly for itself and the bud. 
and (G) For the defli mutant 20% of cells were observed to have multiple budding sites 
and multiple DAPI stained regions within the elongated cells (green arrows). 
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6.2 Further assessment of DNAPIS mutant HURl and the 
overlapping gene PMRI 
6.2.1 The DNAPIS gene HURl and its overlapping partner PMRI 
The gene HURl (hydroxyurea resistance 1) was selected as a Category A 
DNAPIS due to the interactions shown in Figure 3.2. Deletion of the entire ORF of 
HURl has been shown here (Figure 5.3), and also reported by others, to cause 
increased sensitivity to HU (Zewail et al., 2003). However, the HURl ORF partially 
overlaps with a gene transcribed in the opposing direction, namely PMR1 (Figure 
6.11). Additionally, presence of the same mutation in the sporulation proficient SKi 
background, was found here to result in the formation of asci containing more than 
four spores, termed 'multads' (Figure 6.12) that were generally not viable (1.25% 
viability). Multads commonly contained five to eight spores, however up to 12 
spores were observed in a single ascus sac. 
PMRJ is reported to have the same genetic interactions with DNA processing 
genes. PMR1 encodes for an ATPase required for Ca 2 and Mn2 import into the 
Golgi (Mandal et al., 2003), but has not been reported for a role in DNA processing. 
As the HURl KANMX4 deletion cassette used to create the initial deletion 
mutation in this study also overlapped with PMR1 it was unclear whether the 
hypersenitivity to HU and multad formation was due to interruption of the HURl or 
PMR1 ORF. 
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6.2.2 Assessment of single mutants for HURl and PMRI 
Primers to create single gene deletions of HURl and PMRJ were designed (Table 
2.9) and single gene deletion mutants named hurlAl-81 and pmrlA1-2,233 were 
created (the numbers represent the base pairs deleted from each ORF, Figure 6.11). 
These mutants were assessed for HU sensitivity and spore formation. From these 
assays it was confirmed that the deletion of PMRJ, and not HURl was responsible 
for both HLJ hypersensitivity and multad formation (Figure 6.11 and Figure 6.12). 
The HURl mutant had wild type phenotypes with respect to HTJ sensitivity, 
sporulation efficiency and spore viability. 
Due to the HU sensitivity of the pmrlJl-2,233 strain, mitotic DNA replication 
was assessed by alpha factor synchrony release and FACS analysis. The PMRJ 
deletion causes both a delay in entry and lengthened time to complete a DNA 
replication cycle during meiosis (Figure 6.11). From analysis of the budding index it 
appears that PMR1 is also required for timely formation of buds, therefore its role in 
DNA processing may be indirect or it plays a role in multiple cellular/molecular 
processes. 
The sporulation effiency of pmrl41-2,233 was 55% and approximately half of 
the asci were multads. From analysis of meiotic DNA replication in the pmrlzll-
2,233 strain, it was shown that after 48 hours 37% of the population had DNA 
content greater than two copies of the genome (Figure 6.12). The meiotic DNA 
replication result is sub-optimal due to the sick vegetative phenotype of the PMR1 
deletion when grown in pre-sporulation media. However it is clear from the pre-
meiotic DNA replication profile that the DNA content of some of the PMRJ 
population is greater than the maximum observed for the wild type during meiosis. 
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Figure 6.11: Assessment of mitotic DNA processing phenotype mutants 
for the overlapping genes HURl and PMRI. 
Overlap between HURl and PMR1 open reading frames. The overlap is over a 188 bp 
region of the 3' end of each reading frame. Deletion mutants, pmrlzll-2,233 and hurlAl-81 
were created to determine which gene was responsible for the HU hypersensitivity observed 
during the initial experimental screen. 
HU sensitivity test for the pmrlAl-2,233 and hurlA1-81 deletion mutants. The pmrlAl-
2,233 strain has hypersensitivity to HU whereas the hurlAl-81 mutant appears to have a 
similar response to HU as the wild type. 
Mitotic DNA replication of wild type and the pmrl4 1-2,233 strain following release from 
alpha factor synchrony. The pmrlAl-2,233 strain takes longer to initiate and longer to 
complete DNA replication. 
(0) Budding index of the wild type and pmrlJl-2,233 strain. The pmrl4l-2,233 strain 














Figure 6.12: Assessment of meiotic phenotype of pmrlA. 
Example images of wild type and pmrlJl-2,233 induced to sporulate. The wild type 
forms tetrads with chromosomes evenly segregated. Whereas pmrl4 1-2,233 not only forms 
tetrads but also multads, this example contains eight spores within the ascus and it is 
evident that each spore contains a copy of Chromosome V. 
Analysis of pre-meiotic DNA replication via FACS for wild type and pmrlJl-2,233. The 
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6.3 Discussion of Detailed. Assessment of DNAPIS Mutants 
6.3.1 Assessment of NDM Mutants 
The six DNAPIS mutants that had low levels of nuclear division in meiosis 
(NDM) were assessed to see whether they entered the meiotic cell cycle normally 
and whether pre-meiotic DNA replication occurred. 
The VID21 DNAPIS mutant had very low levels, of IMEJ expression when 
•grown in sporulation conditions (Figure 6.3), and appears to not enter the meiotic cell 
cycle, and therefore did not initiate pre-meiotic DNA replication in this study. As 
discussed in Chapter 5, Vid2l is a component of the NuA4 histone acetyltransferase 
complex which is required for repair of DSBs. A mutant for another NuA4 subunit 
(Yng2) was assessed in meiosis and was also found not to progress through meiosis 
(Choy et al., 2001) however, IME1 expression and pre-meiotic DNA replication 
were not assessed. The Gi to S phase progression was also assessed for the VID21 
mutant and found that the initiation of DNA replication was delayed (Figure 6.8 and 
6.9). A mutant for the Yng2 NuA4 subunit was assessed for mitotic DNA replication 
and also reported a delay in initiation (Choy et al., 2001). It can be concluded that the 
NuA4 HAT is not only required for the DSB repair but also normal progression of 
mitotic DNA replication and the initiation of the meiotic cell cycle. According to 
PSI-BLAST alignment, Vid2l is a conserved protein and there is a homologue in 
humans. The protein contains two conserved DNA binding domains, which may be 
essential for the function of NuA4 in response to DNA damage. Therefore, 
assessment of mutations of these domains may prove to be very informative. 
Sgf73 is a component of two histone acetyltransferases namely SAGA and SLIK 
(Pray-Grant et al., 2002) that are both required for gene expression. Here the SGF73 
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mutant showed abnormal pre-meiotic DNA replication (Figure 6.1 and 6.2) and 
expression of IME] was reduced (Figure 6.3). Therefore SGF73 is required for 
normal entry into the meiotic cell cycle. Additionally the SGF73 mutant was shown 
to have slowed initiation of mitotic DNA replication (Figure 6.8 and 6.9) and a mild 
sensitivity to HU (Figure 5.1) and could be involved in efficient expression of the 
DNA replication machinery during mitosis and meiosis. To date, the other 
components of the SAGA have not been assessed for a role in DNA replication. 
Interestingly the human homologue for SGF73, Spinocerebellar ataxia 7 (SCA 7), can 
be subjected to CAG nucleotide expansion and result in a neurodegenerative disease 
(McMahon et al., 2005). Therefore further research based on SFG73 with respect to 
CAG expansion could be useful for modelling the SCA 7 related disease in humans. 
Prior to this work it was known that BREJ and LGEJ were required for 
ubiquitination of histone H2B and H4 K3 methylation during mitosis (Hwang et al., 
2003). Here, both DNAPIS mutants have similar levels of sensitivity to HU (Figure 
5.1) and a similar pattern of mitotic DNA replication progression (Figure 6.8 and 
6.9). However their effects during meiosis had not previously been reported. Here, 
we have shown that LGE1 and BREJ mutants are characterised by delayed initiation 
of meiotic DNA replication and lengthened time for completion. During our work, 
Brel was also shown by another group to effect pre-meiotic DNA replication onset 
and progression. This work found that Brel is an E3 ubiquitin ligase that exists as a 
complex with the E2 ubiquitin-conjugating enzyme Rad6 (Yamashita et al., 2004). 
The Brel-Radó complex was shown to ubiquitinylate lysine 123 of histone H2B, 
which is required for normal levels and timing of double strand break formation 
during meiosis. Here, the LGEJ mutant was observed to have the same pre-meiotic 
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S-phase pattern as the BRE1 mutant (Figure 6.1 and 6.2) As Lgel co-purifies with 
Brel in mitosis it is conceivable that Lgel is also required for this process. in meiosis. 
Interestingly Brel is a highly conserved protein that contains a C3HC4 RING finger 
domain, which is typical for an E3 ligase (Germana Meroni, 2005). Lgel is 
conserved within the ascomycetes and also has an homologue in Zebra fish (Danio 
rerio), called Dlx3b, which is an uncharacterised protein that has been predicted to 
have a DNA binding function due to the presence of a homeobox domain. 
RMD11 (required for rneiotic nuclear division gene 11) was named during a 
genome-wide assessment of sporulation (Enyenihi and Saunders, 2003). However'in 
the SKi background RMDJJ is not required for nuclear division in meiosis, rather 
the gene is required for normal initiation and progression of DNA replication during 
meiosis (Figure 6.1 and 6.2). Because the delay observed for rmdllA in DNA 
replication in both mitosis and meiosis is followed by normal cell cycle progression 
with respect to bud formation and meiotic nuclear divisions, RMD] 1 could have a 
direct role initiation of DNA replication. Furthermore RMDJJ/Rmdll has been 
reported to have a synthetic lethal interaction with CDC45 (Tong et al., 2004) and a 
protein interaction with Dccl (Ito et al., 2001). DCC] also has a synthetically sick 
interaction with CDC45 (Figure 3.2). Very recently, Ru/ID]] was shown to have 
synthetic interactions with two other proteins involved in DNA replication, P0L32 
and CSM3 (Pan et al., 2006). Interestingly, DCC1 was also reported to have genetic 
interactions with these two genes (Pan et al., 2006). Po132 is the subunit of DNA 
polymerase 6 that is required for binding to the PCNA clamp (Johansson et al., 
2004). Csm3 as a complex with Tofi and Mrcl is required for maintaining 
replication fork stability during DNA replication and when DNA replication is 
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stalled (Mohanty et al., 2006; Nedeicheva et al., 2005). Additionally, a physical 
interaction between Cdc45 and Tofi has been reported (Katou et al., 2003). Cdc45 is 
recruited to the replication origin sequences (Walter and Newport, 2000). When 
Cdc45 and other proteins described in Chapter 1.3 bind to the origin, the DNA 
elongation machinery including the replication factor C (RF-C) and DNA 
polymerase also assemble, the DNA at the origin is unwound and bi-directional DNA 
replication commences (Sawyer et al., 2004). DCC] is one of seven subunits of an 
alternative RF-C complex, known as RFCc0m0h1 that has been shown to be required 
for sister chromatid cohesion during mitosis and meiosis (Section 1.3.1) (Mayer et 
al., 2001; Petronczki et al., 2004). The RFCc0l0h1 complex facilitates DNA 
polymerase switching and PCNA clamp loading, which is required for the cohesin 
complex to be loaded and hold the newly synthesised sister chromatids together 
(Mayer et al., 2001; Wang et al., 2000). The interactions reported for RIvID]] 
suggests that the delayed initiation of DNA replication could be because Rmdl 1 is 
required for efficient construction of the RFCc001 complex prior to DNA 
replication in mitosis and meiosis. Further work is required to address this 
possibility. Additionally a recent report shows that when a gene encoding for an 
inner kinetochore protein, CBF2 is overexpressed the RMDJJ mutant is inviable, 
suggesting the mutant is defective in chromosome segregation (Measday et al., 
2005), a phenotype that is known for the DCC] mutant. Another reason for interest 
in this DNAPIS gene is that the Rmdl 1 protein is a member of an uncharacterised 
protein family that includes mammalian homologues. 
As stated in Chapter 5, Defi was found to form a complex with Rad26, which is 
required for RNA polymerase II ubiquitylation and subsequent degradation in 
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response to DNA damage (Somesh et al., 2005; Woudstra et al., 2002). Mutation of 
DEF] gives rise to hypersensitivity to many agents that effect genetic integrity, 
including MMS, X-rays and HIJ (Figure 5.1, 5.2 and 5.3). However it has been stated 
that Deft was likely to have other roles in other cellular processes as only a minor 
fraction of the protein associates with Rad26 via immunoprecipitation (Woudstra et 
al., 2002). It was shown here that DEF1 was required for timely nuclear division 
during mitosis, as cells regularly contained greater than two copies of the genome 
(Figure 6.9) and assessment of cells via microscopy showed that the DEF1 mutant 
gave rise to cells with multiple budding sites whose DNA appeared to be abnormally 
distributed (Figure 6.10). The DEF] mutant had not previously been assessed for a 
meiotic phenotype. It was shown here that meiotic DNA progression was slowed and 
a population of cells failed to initiate pre-meiotic DNA replication (Figure 6.1 and 
6.2). As the levels and timing of IME] expression were relatively high (Figure 6.3) a 
fair assumption would be that the cells that failed to initiate pre-meiotic DNA 
replication was due to their severe mitotic phenotype. DEF] appears to be required 
for efficient homologous chromosome synapsis during meiosis I (Figure 6.5). It 
would be interesting to assess this phenotype further and determine the role of DEF] 
in the context of meiotic recombination. Perhaps the Deft protein is required for 
signalling the ubiquitylation of a protein or protein complex that is preventing the 
repair of the DSBs formed during meiosis and thus the formation of the 
synaptonemal complex is inhibited. According to PSI-BLAST the Deft protein is 
conserved within the ascomycetes, and has weak homologues in other organisms 
including mammals. Deft contains a domain called a UBA-like domain which is 
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present in a number of DNA repair genes, including human protein Rad23a, which is 
involved in nucleotide excision repair. 
6.3.2 Assessment of HURl and PMRI 
PMRJ and not HURl was found to be responsible for the HU hypersensitivity 
phenotype observed during the initial characterisation of the DNAPIS mutants 
(Figure 6.11). During this analysis it was also found that deletion of PMRJ causes 
the formation of 'mutads' that contain greater than four inviable spores (Figure 6.12). 
It was also shown by assessing pre-meiotic DNA replication that almost 40% of the 
population had DNA content greater than the normal four copies of the genome (>4c, 
Figure 6.12). As previously stated, Pmrl is an ATPase required for Ca 2 and Mn2 
transport into the Golgi (Mandal et al., 2003). However PMR1 has genetic 
interactions with genes involved in DNA replication, DNA repair and chromosome 
segregation (Figure 3.2) and the mutant phenotypes observed in this study suggest 
that PMRJ also plays a role in DNA processing. Perhaps Ca 2 and Mn2 and/or golgi 
function contribute to the integrity of the genome. Unfortunately pmrlA strains are 
sick during vegetative growth making meiosis hard to analyse. However creation of a 
meiosis specific null allele of PMRJ would allow a more informative analysis of the 
phenotypes reported here. PMRJ has a human homologue Atp2cl whose mutation 
gives rise to the Hailey-Hailey disease an autosomal dominant blistering of the skin 
(Marie-Mauro, 2004; Marie Mauro, 2004). The Atp2cl protein has similar function 
to Pmrl as it is also an ATPase responsible for Ca 2 and Mn2 transport into the 
Golgi (Kellermayer, 2005). Perhaps further analysis of the DNA processing 
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phenotype observed for the PMR] mutant could suggest additional functions for the 
human homologue. 
6.3.3 Conclusions of the Focussed Assessment of DNAPIS Mutants 
Some very interesting preliminary results have been acquired from the studies 
detailed above. The most interesting results acquired have been for RMDJ 1, DEE] 
and PMRJ. Plans have been made to assess these genes in further detail and 
experimental strategies are proposed in Chapter 7. 
With regard to the DNAPIS selection strategy it appears, from my analysis 
combined with the recent work of other groups, that all of the DNAPIS genes 
assessed have a role in both mitotic and meiotic DNA processing. All but one 
(RMDJ], Category B) were selected as Category A DNAPIS genes. This indicates 
the value of genetic interaction data for selecting genes that will have an observable 
phenotype for the biological process selected, in this case DNA processing. 
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CHAPTER SEVEN 
Conclusions and Future Work 
7.1 Conclusions 
A strategy of integrating high-throughput data was successfully used to imply 
that a subset of poorly characterised genes have a role in DNA processing. Similar 
strategies could be used to imply roles for genes in other cellular processes. Genetic 
interaction data has proven to be extremely valuable for the success of this selection 
strategy. All but one gene found to be involved in DNA processing via mutant 
phenotype assessment, had at least one genetic interaction with a known DNA 
processing gene. This feature encourages further genetic interaction analyses to be 
performed, not only in yeast but in all research organisms. 
Among the 16 genes identified to be involved in DNA processing from our 
selection, five were shown to be required for -normal initiation and/or progression of 
pre-meiotic DNA replication. This includes DEFJ which was found to be required 
for efficient chromosome synapsis in meiosis. Mutation of PMRJ gives rise to asci 
containing more than four spores that are inviable. In addition, three genes (SOHJ, 
BRE5, and YGL2509) were found to be required for normal levels of meiotic gene 
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conversion and one gene (YPLO] 7C) was required for accurate chromosome 
segregation during meiosis. 
7.2 Future Work 
During this work eleven genes were identified to have roles during meiotic DNA 
processing. Further work could be planned for all genes. However, it would not be 
desirable to focus on such a large number, therefore three genes namely DEF], 
PMRJ and RMDJJ have been selected to assess further in the immediate future. I 
have received funding to continue research on these three genes, and experimental 
plans will be discussed here. 
7.2.1 Further Assessment of DEFI 
As stated in the discussion of Chapters 5 and 6, Defi has been shown to associate 
with Rad26 and is involved in ubiquitylation and degradation of RNA polymerase II 
when DNA damage occurs at a transcriptionally active region (TCR). However, it 
was also suggested that Defl may have other molecular roles as only a minor 
fraction of the protein associates with Rad26 via immunoprecipitation (Woudstra et 
al., 2002). The meiotic phenotype of DEF] has not been assessed by other groups 
and the inefficient chromosome synapsis phenotype observed in this study (Figure 
6.6 and 6.7) makes the further assessment of this gene an attractive venture. 
From the results presented in Chapter 6 it was shown that during mitosis the 
DEF] mutant does not divide efficiently and an abnormal distribution of DNA was 
observed (Figure 6.9 and 6.10). This phenotype may be the cause of some of the 
population not successfully initiating pre-meiotic DNA replication (Figure 6.1 and 
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6.2), and it is not a desirable phenotype to have when assessing meiosis. Therefore a 
meiosis specific null allele will be constructed. This will be done by placing the gene 
under the control of a promoter that expresses a gene specifically during mitosis. The 
CLB2 B-type cyclin is solely expressed during mitosis and therefore the use of this 
promoter upstream to the DEFJ open reading frame will facilitate the construction of 
a meiosis specific null allele. A plasmid containing the CLB2 promoter together with 
a HA tag and kanamycin cassette has already been constructed and it has been used 
to create a meiotic specific null allele for CDC5 (Lee and Amon, 2001). The map for 
the plasmid and method for creating the null allele cassette is presented in Figure 7.1. 
Following the creation of the meiosis specific DEFJ mutant, progression through 
the pre-meiotic DNA replication stage of meiosis via FACS analysis, and assessment 
of prophase I using immunocytology of nuclear spreads will be repeated. If the 
inefficient synapsis phenotype is observed with this mutant then further analysis will 
be desired. The HA tagged Defi protein can be assessed by western blotting, 
therefore confirming whether the Defi protein is being efficiently degraded at the 
onset of meiosis. If this is not the case, other methods of creating a defi conditional 
allele such as a heat-inducible degron (Dohmen and Varshavsky, 2005) are also 
options. Additional immunocytology will be very informative. Firstly this strain 
could be used to assess the presence •and prevalence of recombination protein Rad5 1. 
In conjunction with immunocytology of Rad5l, an experiment assessing the 
formation of DSBs during meiosis at known DSB hotspots would be used to see 
whether the formation of DSBs is normal. Additionally the meiosis specific null 
allele should be tested in the spollA spol3A background described in Chapter 6 as in 
this case the nuclear division phenotype could be bypassed. 
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Another two strains have been acquired to help in further analysis these strains 
have a GFP-tagged (Kumar et al., 2002) and a TAP-tagged DEF1 gene (Gavin et al., 
2006). The GFP strain can be used to assess the localisation of Defi during mitosis 
and meiosis. Additionally, antibodies to GFP can be used for nuclear spread in 
meiosis to assess whether the Defl protein is associated with chromatin. The TAP-
tagged protein can be used to purify the Dell protein and assess via mass 
spectroscopy what other proteins are associated with Dell during mitosis and 
meiosis (Rigaut et al., 1999). 
If the results from the above prove interesting, a more focussed approach will be 
devised. This will be based on the knowledge that Dell is required for the 
stimulation of ubiquitylation of RNA Polymerase II. It would be interesting to assess 
whether ubiquitylation plays a role in the inefficient synapsis phenotype observed 
during meiosis. It is already known that ubiquitylation plays an important role during 
prophase I, for example histone ubiquitylation of 112B modulates the formation of 
DSBs during meiosis (Yamashita et al., 2004) and ubiquitylation of Pdsl (securin) is 
required for chromosome segregation during meiosis I (Penkner et al., 2005). 
7.2.2 Further Assessment of PMRI 
As described in Chapter 6 PMRJ has been shown to be an ATPase required for 
Ca2 and Mn2 import into the Golgi (Mandal et al., 2003), and until this work has 
not been reported for a role in DNA processing. Here it was shown that PMRJ is 
sensitive to HU and causes slowed initiation and progression of DNA replication 
during mitosis. Additionally, during meiosis the PMRJ mutant was shown to form 
'multads' that contained inviable spores. 
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Unfortunately the PMRJ gene deletion causes cells to be very sick during 
mitosis, making it difficult to assess the meiotic phenotype. Therefore creation of a 
meiosis specific null allele of PMRJ would be desirable. The PMRJ null allele will 
be created using the method described in section 7.2.1 and Figure 7.1. The PMRJ 
meiotic null mutant will firstly be assessed for sporulation and pre-meiotic DNA 
replication to compare with the results acquired for the unconditional deletion 
mutant. 
If the meiosis null PMRJ mutant forms multads, the next step will be to assess 
the chromosomes during meiosis. It would be of great interest to know how a cell 
deals with the increased numbers of chromosomes during meiosis. 
Although the Pmrl protein has been localised to the Golgi apparatus, it would 
still be interesting to assess its localisation during mitosis and meiosis. A GFP-tagged 
PMRJ strain has been recently acquired (Kumar et al., 2002) and will be used for live 
cell microscopy under various conditions including exposure to HU. Additionally, 
the GFP-tag could be used for immunocytology of nuclear spreads. A TAP-tagged 
PMRJ strain has also been acquired and TAP protein complex purification (Rigaut et 
al., 1999) can also be performed during meiosis to help provide insight into its 
function. 
The PMRJ deletion is synthetically lethal with genes in the RAD52 epistasis 
group. Therefore, PMRJ may have a role in DNA repair. PMRJ is HIJ 
hypersensitive. Using HU tests on double mutants of PMRJ with genes in different 
DNA repair pathways (e.g. RADJ, RAD54, YKU80, MMS22, RAD26 and RADO) an 
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Figure 7.1: Creation of meiosis specific null allele. 
PCR primers are designed to anneal to either side of the KANMX6-proCLB2-3HA construct 
and have 45 bp 5 overhangs that are homologous to the 45 bp prior to the DNAPIS open 
reading frame (purple) and 45 bp from the start of the DNAPIS open reading frame. 
The PCR product is purified and used to transform the parent S. cerevisiae strain, due to the 
homology between the PCR product and the genomic DNA of the DNAPIS gene 
homologous recombination can occur. 
A transformed strain will be able to grow in the presence of G418 kanamycin, and will be a 
meiosis specific mutant for the DNAPIS gene. 
214 
Chapter Seven: Conclusions and Future Work 
7.1.3 Further Assessment of RMDII 
It is of interest to further assess RMDJ 1 for four main reasons; it has interesting 
interactions with respect to DNA replication, it has a consistent mutant DNA 
replication phenotype during meiosis and mitosis, it is completely uncharacterised, 
and it is a member of a family of uncharacterised proteins that includes a human 
homologue. 
The Rmdl 1 protein has been reported to interact with Dccl (Ito et al., 2001), and 
using an equation devised for mIRNA data (Kemmeren et al., 2002), these two genes 
are co-expressed. Additionally, RMDJ 1 has a synthetic interaction with CDC45, 
CSM3 and P0L32. As described in Chapter 6, CDC45 and P0L32 are involved in 
the initiation and progression of DNA replication, CSM3 is required for replication 
fork stability, and DCC] is required for cohesin complex loading during DNA 
replication (Mayer et al., 2001; Wang et al., 2000). These data together with the 
results observed here strongly suggest a role for RMDJJ in DNA replication. 
Interestingly, genes corresponding to the Tofl and Mrcl subunits of the Csm3-Tofl-
Mrc 1 complex are not reported to have a genetic interaction with RMD1 I. Therefore 
it would be beneficial to assess this. Deletion mutants of CSM3 and TOF1 have 
already been created in both EUF strains and an SK1 strain. A comprehensive 
genetic screen could be performed for RMDJJ, combining the RMDJJ mutation with 
genes involved in DNA replication and chromosome cohesionlsegregation. Genetic 
interactions can be simply assessed by mating haploid deletion mutants of each gene, 
stimulating sporulation, and then assessing the growth of the double mutant haploid 
spores in comparison to the single mutants. 
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RMD1 1 has not been tagged with GFP or TAP, therefore it would be of great 
interest to attempt this. Coupling genes in S. cerevisiae with tags has become a 
standard procedure and simply involves a PCR using primers with homology to the 
gene of interest on its 5' end, and homology to the desired insertion cassette on its 3' 
end followed by yeast transformation and selection. The method of GFP and TAP 
tagging is very similar to the method described in Figure 7.1. However the template 
to the used would be GFP-KANMX6 and TAP-KANIMX6 respectively, the 
homologous recombination would be 3' to the ORF, and primers would be designed 
to remove the stop codon and allow the transcription of the tagged ORF and 
KANIMX6. See Figure 7.2 for a diagrammatic representation of the method. 
With these experiments more will be known about RMDJ 1 and its role in DNA 
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Figure 7.2: Creation of tagged alleles. 
PCR primers are designed to anneal to either side of the stop codon (red) and have 45 
bp homology either side of it (dark blue). 
These same primers anneal to the GFP/TAP-KANMX6 construct and are used for PCR. 
The PCR product is purified and used to transform the parent S. cerevisiae strain, due to the 
homology between the PCR product and the genomic DNA of the DNAPIS gene 
homologous recombination can occur. 
A transformed strain will be able to grow in the presence of G418 Kanamycin and will be a 
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Abstract 
Following pre-meiotic DNA replication, homologous chromosomes must be paired and become tightly linked 
to ensure reductional segregation during meiosis I. Therefore initiation of homologous chromosome pairing 
is vital for meiosis to proceed correctly. A number of factors contribute to the initiation of homologous 
chromosome pairing including telomere and centromere dynamics, pairing centres, checkpoint proteins 
and components of the axial element. The present review briefly summarizes recent progress in our 
understanding of initiation of homologous chromosome pairing during meiosis and discusses the differences 
that are observed between research organisms. 
Introduction 
During mitosis, chromosomes are replicated and the resulting 
sister chromatids are segregated, generating two genetically 
identical daughter cells. Meiosis on the other hand is a 
specialized cell division that involves chromosome replication 
and two rounds of chromosome segregation (meiosis I and 
II), resulting in the formation of up to four haploid 
gametes. Meiosis I differs from mitosis because homologous 
chromosomes segregate, whereas sister chromatids remain 
associated until meiosis II. For successful chromosome 
segregation during meiosis I, homologous chromosomes need 
to become linked. Linkage of homologous chromosomes 
occurs during G 2 ; in cytological terms this stage is known 
as prophase I (Figure 1). In most organisms including hu-
mans, three co-ordinated events occur during prophase I 
that ensure this linkage, namely homologous chromosome 
pairing, recombination and synapsis. 
During leptotene, homologous chromosomes pair and 
chromatin begins to condense. Proteins, including the mei-
osis-specific cohesin complex, form a structure called an axial 
element between sister chromatids [1]. In most organisms, 
chromosomes are also subjected to the action of the meiosis-
specific topoisomerase-like enzyme Spoil that introduces 
DSBs (double-strand breaks) during leptotene [2]. During 
zygotene, the pairing of homologous chromosomes is 
stabilized by the initiation of DSB repair via IH (inter-
homologue) recombination [3] and the formation of pro-
teinaceous bridges, which in most organisms is the SC 
(synaptonemal complex) [4]. The stabilized homologous 
chromosome structure is known as a bivalent. IH recom-
bination can result in the formation of non-crossover or 
Key words homologous chromosome pairing, meiosis, pairing centre, recombination, synapsis, 
telomere bouquet. 
Abbreviations used: (HK-2, checkpoint kinase 2; DSB, double-strand break; IH, inter-homologue; 
MEtS, mitogen-activated protein kinase/extracellular-signul-regutated kinase kinase; MNM, 
modilier of mdg4 in meiosis; SC, synaptonemal complex; SNM, stromalin in meiosis; SPB, spindle 
pole body. 
'Present address: chromosome Bioiogy, Max Perutz Laboratories, university of Vienna, or Bohr-
Gasse 1, VBCII, A-1030, Vienna, Austria (email philip.Jordanrunivle.ac.at ). 
crossover events that are repaired by different homologous 
repair pathways [5]. All non-crossover events and a fraction 
of crossover events are repaired during zygotene; these events 
correspond in cytology to early recombination nodules [6]. 
Late recombination nodules that persist through zygotene 
are thought to be sites where SC formation initiates [7,8], 
although exceptions to this do exist. In Drosophila melano-
gaster [9,10] and Caenorhabditis elegans [11], homologues 
align and synapse independently of DSBs. By pachytene, 
the SC has formed along the entire length of homologous 
chromosomes (complete synapsis) and DSB repair of late 
recombination nodules has resulted in the formation of 
crossover events [12]. Further chromosome condensation 
occurs during diplotene/diakinesis, the SC is degraded, and 
homologous chromosomes remain associated via chiasmata 
that have formed as a result of crossover events [13]. At meta-
phase I, kinetochores of homologous chromosomes attach to 
microtubules emanating from opposite SPBs (spindle pole 
bodies)/centrosomes (bi-orientation). Chiasmata provide 
opposing tension to the pulling forces from the spindle 
poles to ensure correct homologous chromosome segregation 
during the metaphase to anaphase I transition. 
Before stable bivalents can form, homologous chromo-
somes must pair. In the present review, I will discuss 
factors that promote initial pairing of homologous chromo-
somes that is maintained by IH recombination (reviewed in 
[5,14]) and SC formation (reviewed in [12,15]) during pro-
phase I. Together, these events ensure correct homologous 
chromosome segregation during meiosis I. 
Initiation of homologous 
chromosome pairing 
Pre-meiotic homologous chromosome pairing 
Results obtained using D. melanogaster males [10], wheat 
[16], Arabidopsis thaliana [17] and Schizosaccharomyces 
pombe [18] show that pairing of homologous chromosomes 
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Figure ii Diagrammatic representation of the main events that occur at each stage of prophase I 
Note that only a single pair of hornologues has been depicted for simplicity. Leplotene: following pre-meiotic DNA replication, 
chromosomes begin to condense and axial elements form. telomeres begin to migrate along the nuclear periphery towaids 
the SPB/centrosome and homologous chromosomes become associated via centromeres (e.g. S. cereviskie) or pairing 
centres (e.g. C. elegons). Following pairing, chromosomes are subjected to the formation of DNA DSB5 catalysed by the 
melosis-specific endonuctease Spoil. Zygotene: the tetomere bouquet has formed at the SPB/centrosome, and homologous 
chromosome pairing is stabilized by the initiation of IH recombination and synapsis. Early tH recombination nodules are 
repaired during zygotene. Pachytene: telomeres disperse, homologous chromosomes become fully synapsed and repair 
of late recombination nodules is completed. Diplotene/Diakinesis: chromosomes are unsynapsed, chromosomes condense 
further and homologues are held together by chiasmafa that have formed as a result of crossover recombinatron events 
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occurs prior to pre-meiotic S-phase. Interestingly, with the 
exception of work based on D. n'velanogaster, pre-meiotic 
pairing of homologues is observed at or near the centromere. 
This association is thought to contribute to the efficiency 
of homologous chromosome pairing after pre-meiotic DNA 
replication by a mechanism that is currently unknown [10,19]. 
However, pre-meiotic pairing is not a completely conserved 
phenomenon; it is not observed in mammals [20] or C. 
elegans [11], and contradictory results have been presented 
for Saccharornyces cerevisiae [19,21] and maize [22,23]. 
Telomere dynamics 
In most organisms, telomeres disperse over the nuclear 
periphery at the start of prophase I (leptotene) and migrate to 
the SPB/centrosome. By the leptotene—zygotene transition, 
telomeres have congregated at the SPB/centrosome this 
structure is known as the telomere bouquet (Figure 1). The 
bouquet structure remains present during zygotene, and then 
C2006 Biochemical Society  
telomeres disperse over the nuclear periphery at the beginning 
of pachytene. It is foreseeable that chromosome pairing could 
occur transiently while telomeres migrate towards the SPB 
(leptotene), and the bouquet stage represents a time when 
correct homologue pairing has been established and repair 
of DSBs is initiated (i.e. leptotene—zygotene transition). The 
bouquet structure is released when the pairing of homologous 
chromosomes is stabilized (early pachytene). 
Genetic studies in S. cerevistae (ndjItt), Schizosacchar-
omyces pombe (tazfl\ and rapltx) and maize (pamlts) 
have shown that failing to form a telomere bouquet causes 
inefficient homologous chromosome pairing, resulting in 
the formation of mainly infertile gametes [24-27]. However, 
these studies also show that, in the absence of bouquet for-
mation, hornologue pairing, recombination, synapsis and 
formation of fertile gametes still occur (albeit with lowered 
efficiency); therefore there must be other processes facilitat-
ing homologous chromosome pairing. 
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Pairing at the centromere 
During vegetative growth, centromeres are congregated 
at the SPB/centrosome. Before pre-meiotic S-phase, the 
centromeres then disperse throughout the nucleus where they 
remain during meiosis. With the exception of wheat, it has 
been suggested that centromeres of homologous chromo-
somes are not associated with one another during the early 
stages of meiosis [28]. Nevertheless, studies in D. melano-
gaster females and S. cerevisiae have shown that pairing at 
the centromeric region is required for correct homologous 
chromosome segregation when chiasmata are absent [29,30]. 
With some exceptions such as D. melanogaster males, 
achiasmate chromosomes are rare; therefore it has been 
suggested that pairing of homologous chromosomes at 
centromeres is a 'back-up' pairing process [30]. However, 
a recent study using S. cerevisiae has shown that centromeric 
pairing plays an important role in homologous pairing [31]. 
This study [31] showed that initially centromeric interactions 
occur mainly between non-homologous chromosomes, and 
they then undergo switching until all homologous centro-
meres are paired prior to zygotene. Interestingly, centromeric 
interactions are dependent on a component of the SC, 
Zip I. Furthermore, transition from non-homologous to 
homologous centromere pairing is dependent on Spoil, the 
endonuclease required for DSB formation during meiosis. 
From this, it has been suggested that centromeres serve 
as sites of synapsis initiation [31], which is contradictory 
to previous observations [32,33]. Furthermore, it suggests 
that Spoil is required for the recognition of homologues 
(see below). Future assessment of Spoil and ZipI with 
respect to centromere pairing during meiosis will result in 
a better understanding of the linkage between initiation and 
stabilization of homologous pairing. 
As mentioned above, centromeric pairing of homologous 
chromosomes in wheat occurs early in meiosis; this phe-
nomenon is essential for correct chromosome recombination 
and segregation [16]. Wheat is polyploid, therefore it con-
tains homeologues as well as homologues. The Phi locus 
on chromosome SB of wheat ensures that pairing and 
recombination are restricted to true homologues ratler than 
homeologues [34]. Much is still to be learnt about the Phi 
locus, but recently it was found to contain subtelomeric 
heterochromatin that is inserted into a cluster of cdc2-type 
(cyclin-dependent kinase) genes; this cdc2/heterochromatin 
structure is required for the function of Phi [35]. 
Homologue pairing centres 
Two organisms, namely D. melanogaster [36] and C. elegans 
[37], have specific chromosomal regions called 'pairing 
centres' that are required for pairing of homologous chromo-
somes during meiosis. Recent results suggest that they act as 
binding sites for proteins that are required for initiating and 
stabilizing pairing of homologous chromosomes [38,39]. 
Pairing centres are present on one end of each chromosome 
of C. elegans. Chromosomes of C. elegans are holocentric, 
meaning they do not possess a defined centromere. It has  
been proposed that transition from non-homologous pairing 
to homologous pairing occurs at the pairing centres in a 
similar way proposed for centromeric pairing inS. cerevisiae 
(described above) [37]. Recently, a C. elegans protein, HIM-
8, was reported to localize specifically to the pairing centre of 
the X chromosome and was required for initiation of pairing 
between the two X chromosomes [38]. Finding proteins 
that bind to autosomal pairing centres will provide further 
understanding of the function of pairing centres of C. elegans. 
D. melanogaster has a pairing centre that is shared between 
the X and Y chromosomes; it is required to initiate X—Y 
pairing during meiosis. This pairing centre is a repeated 240 bp 
sequence within the intragenic spacers of the rDNA genes 
[36]. Recently, two proteins, SNM (stromalin in meiosis) 
and MNM (modifier of mdg4 in meiosis), were found to 
be required for accurate chromosome segregation of X—Y 
and autosomal pairs [39]. SNM and MNM are required for 
stabilizing initial pairing of homologous chromosomes. They 
localize to the X—Y pairing centre, and MNM is also localized 
to autosomes. Currently, pairing sites on D. melanogaster 
autosomes are not well defined. They do not contain rDNA, 
and it is thought that pairing is most likely to occur at multiple 
discrete pairing sites [29,40]. Further assessment of SNM and 
MNM will increase our knowledge with respect to pairing of 
both sex chromosomes and autosomes. 
Specific pairing centres have not been found in other 
research organisms. As stated, C. elegans and D. melanogaster 
do not require recombination to stabilize initial pairing of 
homologous chromosomes during meiosis. In fact, during 
meiosis in D. melanogaster males, homologous chromosomes 
efficiently segregate without recombination or an SC. There-
fore it is conceivable that pairing centres are present in place 
of recombination and SC formation. 
Checkpoint regulation 
Mutation of C. elegans gene, CHK-2 (checkpoint kinase 2), 
results in the formation of aneuploid gametes due to abnormal 
chromosome dynamics (e.g. telomere migration) and absence 
of homologue pairing during leptotene/zygoténe [41]. CHK-
2 is a member of a conserved family of checkpoint protein 
kinases that are generally required to arrest cell cycling in 
response to DNA damage or replication blockage. However, 
no other member has been shown to be required for pairing 
of homologues. Therefore CHK-2 has a unique checkpoint 
function that may couple the completion of pre-meiotic 
DNA replication with changes in chromosome dynamics and 
homologue pairing at the onset of prophase I. Localization 
of CHK-2 and identification of phosphorylation targets of 
CHK-2 would be very useful in uncovering mechanisms 
that influence chromosome dynamics and homologue pairing 
during the early stages of meiosis. 
Axial element components required for 
homologous pairing 
Asdescribed above, axial elements begin to form at the onset 
of leptotene. To date, most components of the axial element 
have been shown to be required for stabilizing initial pairing 
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of homologous chromosomes by regulating IH recombin-
ation and synapsis. For example, a meiosis-specific homo-
logue of CHK-2 (described above) in S. cerevisiae, 
MEKI (mitogen-activated protein kinase/extracellular-
signal-regulated kinase kinase 1), is required for stabilizing 
paired homologues rather than initiating pairing. MEK1 
localizes to the axis and, together with 1-lopi and Redi, 
is required to stimulate IH recombination by inhibiting 
recombination between sister chromatids [42]. In contrast, 
HIM-3, a homologue of Hopi in C. elegans, has been shown 
to be 'required for initial pairing of homologues [43]. It is 
not known whether CHK-2 and HIM-3 interact, and there 
are no obvious homologues of Redi in higher eukaryotes. 
The difference in function between MEK1/Hopi and CHK-
2/HIM-3 could be linked to the fact that initial homologue 
pairing in C. elegans can be stabilized independently of IH 
recombination, which is not the case for S. cerevisiae. 
DSB components 
It has been suggested that proteins required for DSB for-
mation also have an independent role in initiating homolog-
ous chromosome pairing. For example, inS. cerevisiae, it was 
observed that homologous chromosome pairing is absent in 
an SPOil null mutant, whereas a point mutation that makes 
Spoil endonuclease catalytically inactive can support normal 
levels of pairing during meiosis [44]. Other meiotic DSB 
components have been shown to be required for normal levels 
of homologous pairing in S. cerevisiae, and results obtained 
from SPOIl mutants in mouse and the fungus Coprinus 
cinereus support the findings inS. cerevisiae (reviewed in [2]). 
Additionally as described above, Spoil is required for pairing 
centromeres of homologous chromosomes during leptotene 
[31]. 
Results from C. elegans [11] and D. melanogaster females 
[9,10] have shown that homologue pairing occurs in the 
absence of Spoil; however, this is not surprising considering 
SC formation is independent of the formation of DSBs. 
Conclusions 
It is apparent that successful initiation of homologous pairing 
during meiosis in all research organisms requires a number 
of contributing factors. It is also clear that these factors differ 
between research organisms. In particular, in organisms that 
require IH recombination to initiate synapsis (e.g. S. cer-
evisiae and mammals), it appears that proteins required for 
the formation of DSBs are also required to initiate pairing 
of homologous chromosomes (prior to their DSB function). 
However, this is not the case for organisms that do not 
require IH recombination to initiate synapsis (e.g. C. elegans 
and D. melanogaster). Instead these organisms have pairing 
centres that are required for initiating pairing of homologous 
chromosomes during meiosis. 
In the present review, I have stated the main contributing 
factors that initiate homologous chromosome pairing during 
meiosis and discussed recent findings that have increased 
our knowledge of pairing of homologues. Although, in 
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comparison with later steps in prophase I (IH recombination 
and synapsis) our understanding of the initiation of homo-
logous chromosome pairing is small, a substantial amount 
of work is currently being done to dissect each contributing 
factor. For example, recent work based on Scbizosaccharo-
myces pombe has provided significant insight into how the 
telomere bouquet is formed [45]. A SPB component (Sadi) 
was shown to transiently move from the SPB to the nuclear 
periphery. Sadi then attaches to telomeres via two connector 
proteins (Bqtl and Bqt2) and a telomere protein (Rapl), and 
then migrates back to the SPB, forming the telomere bouquet 
[45]. Research into the factors involved in the initiation of 
homologous chromosome pairing during meiosis is moving 
at a fast rate, as will our understanding. 
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